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Abstract

Phase changes in individual sub-micron crystals of TisOs are studied by in-situ transmission
electron microscopy. An irreversible transition from the stable beta- to the metastable lambda-
phase is induced by slow temperature changes in thermal equilibrium or by nanosecond laser
pulses. The expansion of the crystals during the phase transformation is measured in real space
by imaging and in reciprocal space by electron diffraction. An incomplete or suppressed phase
transformation under slow heating indicates that the kinetic barrier for the thermal
transformations from the beta- to the lambda-phase and to the high-temperature alpha-phase is
higher than in bulk material. On the other hand, a single nanosecond laser pulse at 1064 nm is
found to induce a complete transformation from the beta- to the lambda-phase in sub-micron-
size crystals of Ti3Os. As in previous studies, laser pulses at longer wavelengths (1064 nm) are
found to be more appropriate than at shorter wavelength (532 nm) where inter-band transitions
and the rupture of bonds occur. Here, the laser pulses lead to a purely thermal switching from
the beta- to the lambda-phase.
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I. INTRODUCTION

Photoswitchable materials are an important class of quantum materials®? that challenge our
understanding of solids and open avenues for next generation technologies. They are rooted in
complex interactions between spin, charge, lattice and orbital degrees of freedom, as well as the
topological properties of their wave functions. Photoswitchable materials are sensitive to
external stimuli such as electromagnetic fields, e.g., laser pulses, pressure, strain or doping, which
give access to various phases, making them ideal candidates for a variety of future technological
applications.

Trititanium pentoxide (TisOs) is a highly promising material for applications in long-term heat
storage,>* solar steam generation,” or optical memories.® The switching between different
crystallographic phases can be achieved by external stimuli such as temperature, pressure, or
short laser pulses. At room temperature, the semiconducting monoclinic B-phase is stable,
whereas another monoclinic structure, the metallic A-phase, is energetically higher and
metastable. The lattice parameters of the A-phase in the a- and b-direction are by 1% larger and
in the c-direction by 6.4% larger than in the B-phase. This leads to a considerable volume
expansion during the transition from 3 to A. At temperatures above 500 K, the orthorhombic a-
phase is reported to be stable.” Several morphological forms of TisOs have been reported such as
single crystals,® thin films,>'2 and nanocrystalline pellets®'*%>, A unique behavior of
nanocrystalline samples reported by Ohkoshi et al.b exhibits several interesting and still poorly
understood properties such as the bistability between the semiconducting - and the metallic A-
phase which is of interest for optical switching or heat storage due to the large latent heat in the
reversible transition.3 The photoswitching between the 3 and A phase is a fast process and needs
short laser pulses.'®1° Nanosecond laser pulses are particularly useful for studying fast thermal
processes. They are shorter than the propagation time of thermal waves through the crystals but
not so short that undesired surface ablation or non-uniform heat distribution such as under
femtosecond laser pulses occur.

The dynamics of phase transitions triggered by laser excitation has been studied by optical
spectroscopy,'®!’ X-ray diffraction (XRD)'®° and ultrafast electron diffraction,?® and are
continually debated. Time-resolved powder diffraction with X-ray Free Electron Lasers and
synchrotron radiation allowed a quantitative refinement of the structures during transitions at
femto- to microsecond time scales. XRD experiments revealed the propagation of a laser-induced
phase front starting from the surface of the crystals and moving with sonic speed into the bulk®?.
This process restores mechanical equilibrium and takes place on an ultrafast timescale and
precedes the much slower thermal diffusion. The results point to a phase transition triggered by
the laser-induced strain wave within a single grain, yet the clear-cut evidence at this level is
lacking because data are averaged on much larger spatial scales than the grain size of the
nanocrystals'®?!, Crystal grain dimensions, laser penetration depth, and the range of the phase
transformation were similar (around 100 nm), hence impeding the determination of the limiting
factor for transition.



All X-ray diffraction measurements of Ti3Os hitherto®!82! have been undertaken by macroscopic
techniques, averaging over a large number of Ti3Os crystallites (e.g., compressed in a pellet for X-
ray diffraction studies). Although information about the transformation dynamics was obtained,
the behavior of individual crystals remained unclear. Electron diffraction as well as lattice imaging
in the TEM has already shown to reveal valuable information in the study of phase
transformations in individual oxide crystals, e.g., in VO2.22 In a recent work, it has been shown
that ultrafast electron diffraction of TisOs in a TEM is remarkably suited for such a study with high
spatial and temporal resolution and allows time-resolved measurements of the lattice parameters
of a single crystal lamella.?®

However, information in real and reciprocal space within single TisOs nanocrystals in irreversible
phase transitions (i.e., the volume expansion in the transition from B to A) hasn’t been studied
yet. This is the subject of the present work where in-situ electron microscopy allows imaging and
electron diffraction of individual sub-micron crystals either in equilibrium in a large temperature
range or under laser pulses where metastable states can be created under non-equilibrium
conditions. In addition to electron diffraction, TEM imaging allows to measure the expansion of
crystalline grains, here for the first time in real space during the phase transformation between
the B- and A-phase of TizOs. We show the phase changes in single sub-micron Ti3Os crystals as a
function of temperature by TEM and electron diffraction in equilibrium and under nanosecond
laser pulses.

2. MATERIALS AND METHODS

The starting materials for the synthesis were nano-samples taken from ball-milled A -Ti3Os

powder. The latter was obtained from calcinating anatase TiO, nanoparticles under hydrogen
with a flow speed of 0.3 dm™ min~ at 1200°C for 2 hours. After 6 hours ball-milling, the powder
contained almost 100% [B-TizOs crystallites where the size ranges from hundred nanometers to
micrometers. The powder was sonicated in ethanol and dispersed on holey carbon grids for
electron microscopy studies. A TEM with acceleration voltage of 200 kV and an attached laser
system was used (see Sect. 1 of the supporting information). Continuous heating was achieved by
a standard TEM heating stage. To facilitate the identification of the respective phases, crystals
with sizes of less than 1 um were searched where a crystallographic zone axis was close to the
optical axis of the microscope. The particles were mostly monocrystalline but showed defected
zones due to heavy deformation in the ball milling process.?>%* Since the crystals turned out to be
sensitive to electron irradiation, the electron dose was always kept as low as possible to avoid
radiation damage. Due to the radiation sensitivity of the crystals, taking diffraction patterns from
the same crystals in different zone axis orientations turned out to be challenging. Diffraction
patterns were taken with a beam current density of the order 1 mA/cm? on the specimen. The
maximum electron dose until the crystals showed changes was approximately 10 electrons/A2.



Lattice images of TisOs crystals that have already been shown in other work!? need an elevated
local electron dose which turned out to be too high for in-situ lattice imaging of the phase
transformation (see Sect. 2 in the supporting information).

In a first set of experiments, the structure of the crystals in equilibrium was studied at different
temperatures by using a heating TEM specimen stage. Diffraction patterns of individual
nanocrystals were taken at different temperatures to find out under which thermal conditions
the transition between the -, A-, and a-phase occurs. Since most of the crystals studied here
have a diameter in the range 500 nm — 1 um, the diffraction information stems from the periphery
of the particles where the projected thickness is low. In imaging, shape changes (projected onto
the image plane) during the phase transformation of the crystals were observed. Since the
heating stage did not allow tilting the specimen relative to the electron beam, crystals with an
orientation not too far from a low-indexed zone axis were chosen.

In the second set of experiments, the TizOs crystals were exposed to nanosecond laser pulses. An
electron microscope with an attached laser-optical system for time-resolved measurements?>26
was used that allows exposure of the specimen to laser pulses during TEM imaging or diffraction.
More detailed information about the setup is given in Sect. 1 in the supporting information. In
these experiments, a continuous electron beam from a thermal emitter was used. Laser pulses
with a duration of 7 ns and wavelengths of 1064 nm or 532 nm were applied. The power of the
pulses was adjustable up to approximately 30 mJ/cm?. This is a more challenging regime for the
sample because of the rather high laser power required to promote the permanent phase change®
as compared to transient switching in the low-power regime.16:1820

Since the B- and A-phases of TizOs have the same monoclinic space group C2/m and only slightly
different lattice parameters, the unambiguous determination of the respective phase is difficult
with electron diffraction patterns of one single nanocrystal. The identification of the high-
temperature a-phase is less problematic because it appears in the orthorhombic phase (space
group Cmcm). For indexing the diffraction patterns, we coded a dedicated graphical interface
toolkit to perform the indexation of electron diffraction patterns (see Sect. 5 and 6 in the
supporting information). It is based on the least square refinement of a 2D grid going through a
set of selected observed diffraction peaks. Miller indices corresponding to the two basis vectors
(q1,q,) of the zero order Laue zone are looked-up in a table, built from a set of cell parameters
corresponding to a possible expected phase and within a fixed uncertainty range in both the
vector moduli and the angle. Among possible solutions, we choose indexing that minimizes the
root mean square deviation between experimental diffraction peaks and nodes of the model
lattice. Equivalent domains may be chosen, minimizing the angle between normal vectors of
diffraction layers, when indexing different phases for the same sample. This program is
particularly suited for measuring small changes of lattice parameters during the phase
transformation. The measurement error can thus be reduced to 1% or less. The fit of several
diffraction spots in 2D reveals more information about the respective phase of the crystals than



lattice images in real space where only the crystal planes within the resolution limit of the
microscope are available.

3. RESULTS AND DISCUSSION
3.1. Transformations during slow heating and cooling of the crystals

In the first set of experiments, the phase transitions of individual crystals were studied during
slow temperature ramps. Figure 1 shows a TizOs crystal with a diameter of approximately 600 nm
during a heating-cooling cycle between 290 K and 623 K together with the experimental and
simulated diffraction patterns. The diffraction patterns show phase transformations under both
heating and cooling. The diffraction pattern at room temperature before heating (Figure 1d) is in
accordance with the B-phase (Figure 1g); at 623 K (Figure 1e) with the a-phase (Figure 1h), and
after cooling to room temperature (Figure 1f) with the A-phase (Figure 1i) of TizOs. It is apparent
that the crystal has undergone the transformation B 2 o = A during the temperature cycle and
that the metastable A-phase can be created during heating and successive cooling. A slight
rotation of the crystal occurred during both transformations, which can be depicted in the images
(according to the simulated diffraction patterns, the rotation angle in the transformations B 2 «
and a 2 A are respectively about ~13° and ~19°). This can be attributed to a shape change during
the phase transformation, and to a rotation of the sample which is weakly attached to the
specimen grid.

From the comparison of the diffraction patterns in Figures 1d and e, it is obvious that some
diffraction spots of the B-phase remain at 623 K (arrow in Figure 1h) so that the transformation B
- ais incomplete. As a consequence, the phase transformation B = o upon heating to at least
623 K is gradual and only appears in some crystallites. After the final transformation a = A (Figure
1f), several new diffraction spots appear in addition to those related to the A-phase. Again, the
transformation does not lead to a perfect single crystal as some grains in a different phase or
orientation appear. Whereas the initial particle (Figure 1a, d) was a single crystal in a well-defined
phase, the phase transformations led to a polycrystal where at least two phases coexist. This is
surprising in view of the small size of the crystals and might be due to a high defect concentration
after the heavy deformation in the ball milling process. Furthermore, the proximity of surfaces in
the small crystals might change the local energy balance between the phases. The appearance of
faint segments of rings in diffraction patterns and small dark spots in the images of the crystal, in
particular in Figures 1c and 1f, indicates the formation of some crystallites with sizes of
approximately 10 nm within the larger crystal. These crystals appear in different orientations, as
the bright field images show, or even in different phases and contribute to the diffraction pattern.
Their number increases during the transformations, most likely due to stress around the defective
regions. However, the analysis of the phase transformation is restricted here to the principal spots



emanating from the larger crystal. A possible indexing of the ring-like features in Figures 1e and
1f is shown in Sect. 7 of the Supporting information.

Figure 1. Images, experimental and simulated diffraction patterns of a TisOs crystal at different
temperatures during a slow heating-cooling cycle. (a, d, g): at room temperature before
heating; (b, e, h): at 623 K; (c, f, i): after cooling to room temperature. The diffraction
information stems from the projected periphery of the crystals (the thickness in the middle is
too high to allow imaging or diffraction at 200 kV).

From the crystallographic data of the three phases'® (see Sect. 4 in the supporting information),
it can be deduced that the lattice parameters of the different axes increase by 1 — 6 % during the
transformations B =2 aand B = A. The largest expected expansion of the crystal is 6.5 % in the c-
axis during the transformation B - A. Due to the changing lattice parameters in the phase
transformations, changes of the projected shape of the crystals appear too. However, details
depend on the direction of projection onto the image plane.



Figure 2 shows a crystal at room temperature before (Figure 2a) and after (Figure 2b) a heating-
cooling cycle where a transformation from the B- to the A-phase occurred. The expansion is
plotted in Figure 2c for different angles relative to the horizontal direction in the image plane.
The expansion reaches a maximum along a specific direction (20° in this projection), whereas
almost no expansion is visible in the perpendicular direction. Due to the roughness of the surface,
some uncertainties of the measurements cannot be excluded, e.g., the difference between 0° (or
180°) and 20° (or between 0° and 160°). The anisotropy of the expansion is confirmed by the
analysis of the diffraction patterns in Figure 3. The zero order diffraction layers of the sample
shown in Figure 2 was indexed in the two phases 3 and A with the two same basis reciprocal
vectors (201) and (110) i.e. with the lattice direction [112] parallel to the electron beam. (The
two reciprocal lattice vectors (201) and (110) correspond to g1 = 2a* + c* and g2 = -a* + b*). The
relative expansion 6L/L was also deduced from the changes of basis vectors of the zero order Laue
zone diffraction patterns by calculating the transformation of a circle expressed in the -phase
coordinates into the A-phase coordinates. The result shown in Figure 2d is in good agreement
with the value deduced from image inspection, for both the direction (~166°) and magnitude of
the maximum elongation (~7%).
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Figure 2. Morphological changes of a Ti3Os crystal before heating (a) and after cooling from
623 K to room temperature (b). The diagram (c) shows the expansion for measurements in



different directions in the image plane (the reference direction 0° is the horizontal). (d)
simulation of the relative expansion (thick black line) vs. contraction (thin gray line) as a
function of polar angle before and after heating, deduced from the basis vectors of the
corresponding zero order Laue zone scattering patterns.

Figure 3a shows the length measurements of the same crystal as in Figure 2 along the direction
of maximum expansion (165° in Figure 2) as a function of temperature during a heating-cooling
cycle. The corresponding diffraction patterns at four points (marked 1 — 4 along the curve) are
shown in Figure 3b. Only minor length changes are measured when the crystal is heated from
room temperature to 625 K although the a-phase with larger lattice parameters is expected to
prevail above 550 K.%” However, as soon as the crystal is cooled down again, a sudden expansion
appears, reaching 5 % when the specimen is cooled down to room temperature. The overall
expansion between the B-phase (point 1) and A-phase (point 4) is in good agreement with the
crystallographic data whereas the constant length between points 1 and 2 does not correspond
to the expectations for the transformation B = a. The indexing of the respective diffraction
patterns (1 — 4) in Figure 3 shows that the B-phase still prevails at 625 K (point 2). Upon cooling,
the A-phase appears suddenly at 550 K (point 3).
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Figure 3. Length measurements of the crystal shown in Figure 2 in the direction of maximum
expansion (angle 165° relative to the horizontal). The diffraction patterns at different stages
in the heating cycle (points 1 — 4 in the diagram) are shown with best-match indexing. The
zone axis is [112].



We have already seen in Figure 1 that the transformation B = o was incomplete and that the
single crystal transformed into a larger domain in the A-phase but with one or several smaller
domains remaining in the B-phase although the temperature (625 K) was well above the transition
temperature as reported from X-ray studies.’® Therefore, we have to conclude that a kinetic
barrier, that hinders the transformation to the a-phase, exists and is higher in sub-micron crystals
than in macroscopic crystals. The observation can be understood on the basis of a high defect
density after ball milling. On the other hand, the presence of defects (e.g. dislocations) could
change the transformation barrier, e.g., by strain hardening, and hinder the phase transformation
by pinning the crystal in the initial phase. At a higher temperature or upon phase changes, an
annealing of defects could appear and lower the transformation barrier.

3.2. Switching between the beta and lambda phase under nanosecond laser pulses

To study the response of a Ti3Os crystal to nanosecond laser pulses, a double-tilt room
temperature specimen stage was used to align a low-indexed zone axis of the crystals with the
electron beam which facilitated the analysis of the diffraction patterns. Experiments at laser
wavelengths of 1064 nm allowed the detection of the irreversible transformation B = A. At 532
nm, the transformation turned out to be more challenging due to the threshold power of the
pulses that is needed for the irreversible transformation which was very close to the power that
led to a partial amorphization of the material.
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Figure 4. Phase transformation of a Ti3Os crystal under a single laser pulse. Images (a, d),
diffraction patterns (b, e) and simulated diffraction patterns (c, f). (a — c): B-phase before the
transformation; (d — f): A-phase after the transformation under a 7 ns laser pulse at 15 mJ/cm?
and 1064 nm. The measured dimensions of the particle and the spacings of the diffraction
spots are indicated. The same directions for the measurements were chosen in diffraction and
imaging. In (c) and (f), the experimental patterns are overlaid with the calculated reciprocal
lattice of the respective phase in the [392] zone axis (orange lines) which fits the experimental
patterns.

Figure 4 shows a Ti3Os crystal before (a — c) and after (d — f) transformation from the B- to the A-
phase under a single laser pulse (7 ns, 15 mJ/cm?) at 1064 nm. Before recording this series, the
crystal has already been exposed to a few laser pulses of lower power that did not result in the
phase transformation. Here, a laser power of 15 mJ/cm? was necessary to induce the irreversible
B > A transition which can be clearly identified by the changes in the diffraction patterns that
match the simulated patterns of the respective phases. The expansion of the crystal upon the
transition (appearing as a shrinkage in diffraction) is also measurable in the images of the crystals.
A second example is shown in the supporting information (Sect. 3.2).

The measurements are summarized in Table 1. Since a 6.4 % expansion of the monoclinic lattice
occurs in the c-direction but only 1% in the a- and b-directions,® there should be very small size
changes in a (hkO)-direction, which is observed indeed in diffraction of the (310)-reflection as well
as in imaging. In the other two measured directions (310) and (113), the experimental values are
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in good agreement with the data from X-ray measurements on polycrystalline samples (in
parentheses in Table 1, see Sect. 4 of the supporting information), although the thermal contact
between the crystals and the support in X-ray studies, where compressed powder pellets are
used, is different from electron microscopy studies of isolated sub-micron crystals. The crystal
may slightly move or rotate during the laser pulse, therefore the size measurements in imaging
may have small errors due to projection effects. Since the distribution of intensities of the
reflections before and after the pulse (Figures 4b, e) doesn’t change much, only a small tilt of < 1°
may have occurred so that the error in the size measurement must be mainly due to the irregular
shape of the crystal. Nevertheless, there is a satisfactory match between the size changes
measured in diffraction and imaging.

\ beta \ lambda \ % change
lattice spacings from diffraction in A
(in parentheses: from X-ray diffraction?”28)
(310) 2.47 (2.47) | 2.48 (2.47) | 0% (+0%)
(203) 2.72(2.68) | 2.77 (2.72) | +1.8% (+1.5%)
(113) 2.38(2.34) | 2.48 (2.43) | +4.2% (+3.8%)
size of the particle in nm
(310) 642 641 +0%
(203) 538 549 +2%
(113) 572 587 +2.6%

Table 1. Analysis of the diffraction patterns and images shown in Figure 4. The results from
electron diffraction are compared with the values from X-ray diffraction (in parentheses)
taken from the literature.?’.28

It is visible that the laser-induced transformation from the B- to the A-phase is direct and no
intermediate coexistence of both phases occurs in one crystal at this laser power. It can also be
noticed that some crystallographic defects (seen as double spots or extra spots in diffraction)
have vanished during the transformation. It appears that the laser pulses provided enough energy
(though within 7 ns) to heat the crystal to sufficiently high temperatures that allowed overcoming
the kinetic barrier for the irreversible phase transformation. An associated annealing of defects
may also have taken place.

It was previously reported that the transformation from the B- to the A-phase is observed under
laser pulses at 800 nm but not at 400 nm.®20 In this study, the transformation at 532 nm seems
to occur but is difficult to reproduce because the required laser power is close to the crystal
damage limit. However, at 1064 nm, the transformation is reproducible. The duration of the 7 ns
laser pulses leads to a more uniform heating of crystals in comparison to the impulsive thermo-
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elastic response of a system when sub-picosecond laser pulses were used. The reverse
transformation A = B was not observed with repeated laser pulses, even at higher power. Above
pulses with 20-30 mJ cm™ at 1064 nm, the crystal started disintegrating. For a typical crystal with
a diameter of 800 nm, the absorption of a 1064 nm pulse is almost 100 %2, which also seems
reasonable in view of the black color of the ball-milled powder used in this study. A temperature
rise of a crystal such as in Figure 4 by approximately 100 K at a laser power of 15 mJ/cm? can be
estimated by taking the specific heat of TisOs (710 J kg K1),® the density (4500 kg m3) and an
average thickness of the crystals of 400 nm (estimated, c.f., Figure 4). The absorption of Ti3Os is
82 % in a 400 nm layer at 1064 nm.*? However, an uncertainty remains due to the slightly shifting
laser spot with a Gaussian profile, the irregular geometry of the particles and reflection at the
surface of the particles. Heating by the electron beam under low-dose conditions is negligible in
comparison with laser heating.

4. CONCLUSIONS

The transformation between the different phases in individual sub-micron crystals of TizOs is
revealed by TEM in imaging and diffraction. It is demonstrated that the expansion of the lattice
during the transformation from B to A, which has hitherto only been seen by diffraction, is
associated with a measurable size change of the crystals. Within the measurement error (small in
electron diffraction but rather high in imaging), the changes in diffraction and in imaging are in
good agreement. In comparison to previous X-ray diffraction studies of macroscopic
polycrystalline samples, the phase transitions deviate from the simple picture that resulted from
the averaging over many crystallites. The phase transformations of a single nanocrystallite at
thermal equilibrium appear to be governed by transition barriers that impede the complete
transformations at the nominal transition temperatures. As a result, the transformation from 3
to A at 620 K occurs bypassing the a-phase. However, under laser pulses, the transformation from
[ to A is complete and seems to benefit from higher temperatures during short time. The present
study confirms the high potential of small TizOs crystals as photoswitchable materials, where laser
pulses are used to switch between the semiconducting and the metallic phase, or when size
changes of the material are induced by short laser pulses.

ASSOCIATED CONTENT
Supporting Information

The supporting information contains a detailed description of the experimental setup and the
experimental procedure, additional figures, similar measurements as shown in the text above but
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on other samples, a consideration and quantitative estimation of radiation effects in the sample,
crystallographic data of TisOs, information about indexing of electron diffraction patterns, and a
description of the calculation procedure for the indexing procedure.
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