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ABSTRACT: Photoexcitation can drastically modify potential
energy surfaces of materials, allowing access to hidden phases.
SrTiO; (STO) is an ideal material for photoexcitation studies due
to its prevalent use in nanostructured devices and its rich range of
functionality-changing lattice motions. Recently, a hidden ferro-
electric phase in STO was accessed through weak terahertz
excitation of polarization-inducing phonon modes. In contrast,
whereas strong laser excitation was shown to induce nanostruc-
tures on STO surfaces and control nanopolarization patterns in
STO-based heterostructures, the dynamic pathways underlying
these optically induced structural changes remain unknown. Here
nonadiabatic quantum molecular dynamics reveals picosecond
amorphization in photoexcited STO at temperatures as low as 10

Ti-O Bond (A)
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K. The three-stage pathway involves photoinduced charge transfer and optical phonon activation followed by nonlinear charge and
lattice dynamics that ultimately lead to amorphization. This atomistic understanding could guide not only rational laser
nanostructuring of STO but also broader “quantum materials on demand” technologies.

S trong laser excitation in materials can lead to non-
equilibrium dynamics via carrier—phonon coupling' ~*
and charge transfer between atomic species.”® The fast
electron—ion dynamics involved in these processes can speed
up access to different material phases typically obtained by
thermal, straining, and other nonelectronic methods”™ or
allow access to “hidden” nonequilibrium phases not obtainable
by these means.'” This has opened up a field of ultrafast
science with the goal of obtaining desirable material properties
on demand through experimental controls such as laser energy
and fluence.”'"”'> To create desirable functional materials by
these methods, it is critical to understand the underlying
electronic processes driving them.

An ideal material to study optically controlled material
phases is SrTiO; (STO), as it not only has a wide variety of
phase-change-inducing lattice motions, such as an antiferro-
distortive (AFD) phase transition from the cubic to tetragonal
structure below a critical temperature of T. & 105 K and an
optical phonon-mode-driven paraelectric-to-ferroelectric phase
transition, but also is applied in numerous nanostructured
devices."”™"” Thus a fundamental understanding of photo-
excited electron—lattice dynamics in STO will provide key
insights into the optical control of a broad range of
nanostructured devices. Recently, terahertz radiation was
shown to induce a hidden metastable ferroelectric state in
STO by directly coupling to optical phonon modes that induce
spontaneous polarization in STO.'®'” On the contrary, lattice
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control of STO by above-band-gap optical excitation has been
less explored, partly because it involves more subtle and
intricate coupling between excited electrons and lattice
motions via electronic-structure modification. Whereas femto-
second laser pulses have been shown to create nanostructures
on STO surfaces'"** and modify nanopolarization patterns in
ferroelectric/dielectric PbTiO,/SrTiO; superlattices,”’ the
microscopic mechanisms underlying this remarkable optical
control remain elusive. The fundamental scientific question is,
“What is the ultrafast pathway from electronic excitation to
lattice change in STO upon optical excitation?”

Here we study the effects of strong electronic excitation on
structural changes of STO in its low-temperature tetragonal
phase using first-principles nonadiabatic quantum molecular
dynamics (NAQMD) simulations; see the Methods. We find a
photoinduced picosecond amorphization pathway that can
occur at temperatures as low as 10 K. Detailed analyses reveal a
three-stage mechanism due to coupled electron—lattice
dynamics upon photoexcitation. Immediately after photo-
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Figure 1. Initial excitation. (a) Atom-projected partial density of states (PDOS) in STO. The valence band maximum (VBM) is primarily
composed of O states, whereas the conduction band minimum (CBM) is primarily composed of Ti states, indicating O-to-Ti charge transfer upon
excitation. (b) Total change in charge of each atom type after excitation. (c) (010) projection of electron (magenta) and hole (blue) wave
functions for excitation from VBM to CBM, where Sr, Ti, and O atoms are colored in green, gray, and red, respectively. As expected, the electron
and hole wave functions are centered on Ti and O atoms, respectively.

excitation, we observe photoinduced charge transfer and
coherent excitation of optical phonons via strong electron—
phonon coupling. This is followed by nonlinear up-conversion,
amplification and softening of phonons that cause unstable
charge dynamics and electronic polarization accumulation.
These charge-polarization dynamics ultimately lead to lattice
destabilization and initiate an amorphization process domi-
nated by Ti and O diffusion. Increasing temperature
accelerates lattice disordering due to unstable electron—
phonon dynamics, whereas large carrier concentrations rapidly
destabilize the lattice, resulting in an ultrafast single-stage
amorphization pathway as opposed to the three-stage pathway
at smaller concentrations.

To study the effect of electronic excitation on the structural
change of STO in its low-temperature tetragonal phase, we
performed NAQMD simulations on a supercell composed of 2
X 2 X 1 tetragonal unit cells (in a total of 80 atoms). In each
simulation, excitation is modeled as the instantaneous
promotion of electrons from the valence band to the
conduction band. To quantify the effects of the initial
excitation, we first performed static density functional theory
(DFT) calculations. We computed the atom-projected partial
density of states (PDOS) to understand the expected charge
transfer as a result of excitation. The PDOS in Figure 1a shows
that electrons on the valence band edge are primarily localized
around O atoms, whereas those on the conduction band edge
are localized around Ti atoms. This implies charge transfer
from O to Ti when optically excited.

We further corroborated this by computing the explicit
charge transfer before and after excitation through Mulliken
analysis.”” Figure 1b shows the total change in atomic charge
for each atom type corresponding to the excitation of an
electron from the valence band maximum (VBM) to the
conduction band minima (CBM). We see that O atoms
become more positively charged, whereas Ti atoms become
equally more negatively charged as a result of electron transfer
from O to Ti atoms. On the contrary, the charge on Sr atoms
remains the same after excitation, as their electronic states are
deep within valence band. Figure lc shows excited electron—
hole wave functions corresponding to VBM-to-CBM excita-
tion. The excited-electron wave function (magenta) is centered
on Ti atoms, whereas the hole wave function (blue) is centered
on O atoms. These results indicate that charge transfer
between O and Ti will drive the dynamics resulting from
electronic excitation.
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After excitation, an NAQMD simulation was run at a
temperature of 10 K in the canonical ensemble while allowing
for phonon-assisted nonadiabatic transitions between elec-
tronic states (see Methods). Figure 2a—c shows the atomic
motion, as described by the atomic mean-square displacement
(MSD) divided into three distinct stages of motion. In the first
stage of motion, the MSD in Figure 2a exhibits coherent low-
frequency oscillations with a large amplitude as a result of
excitation. Visual inspection indicates that the initial coherent
motion has a period of ~0.5 ps. This is followed by a second
stage marked by a drifting MSD with small higher frequency
fluctuations, as illustrated by Figure 2b, which is indicative of
phonon upconversion. After 6 ps, the MSD begins to increase,
signifying the beginning of a third stage of motion. The third
stage is marked by Ti and O diffusion (i.e., linear increase in
MSD as a function of time), as illustrated in Figure 2c. The
time-averaged radial distribution function (RDF) g(r) is
plotted for times centered at 1.62 and 23 ps after excitation
in Figure 2d, where averaging was performed over 1 ps.
Broadening of the second and higher peaks at 23 ps indicates
structural disordering and the onset of amorphization. Further
analysis via the examination of the partial RDFs is provided in
Figure S1 in the Supporting Information (SI).

To further quantify the lattice dynamics, we plotted the time
evolution of Ti—O and Sr—O bond lengths. Figure 2e—g
shows all Ti—O bond lengths for a representative Ti atom in
the three stages of motion, respectively. The colors in the
figure correspond to individual bonds that are marked in
Figure 2h. Similarly, Sr—O bond lengths for a representative Sr
atom are shown in Figure 2i—k, and the corresponding colors
are shown in Figure 2. The Ti—O bond lengths and Sr—O
bond lengths for all Ti and Sr atoms are plotted in Figures S2—
S4. The initial low-frequency motion seen in the first stage of
motion in the MSD can also be seen in the activation of
coherent Ti—O and Sr—O bond oscillations, as illustrated in
Figure 2e,i. In the second stage of motion, Figure 2fj shows
the amplification of Ti—O and Sr—O bond oscillations, which
is indicative of phonon softening.”’ The large amplitudes of
these phonon modes become ultimately unstable, leading to
breaking of Ti—O and Sr—O bonds and chaotic bond
dynamics, as illustrated in Figures 2gk. To better understand
the excited phonon dynamics, we computed the Fourier
transform of the velocity autocorrelation function D(v) during
the first two stages of motion, shown in Figure 2m, and the
Fourier transformation of average Ti—O and Sr—O bond
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Figure 2. Lattice motion. (a—c) Atomic mean square displacement (MSD) for Sr (green), Ti (gray), and O (red) atoms divided into three stages
of motion. Stage I is marked by the gradual activation of low-frequency phonons. Stage II is marked by a high-frequency MSD drift, indicating the
activation of higher frequency phonon modes. Stage III is marked by lattice destabilization and amorphization driven by Ti and O diffusion. (d)
Radial distribution function g(r) at time t = 1.62 and 23 ps as it begins to amorphize. (e—g) Time evolution of Ti—O bond lengths for a given Ti
atom divided into the three stages of motion, with specific Ti—O bonds colored in panel h. Similarly, panels i—k show the Sr—O bond evolution for
a selected Sr atom with specific bonds colored in panel . (m—p) Fourier transforms of the velocity autocorrelation function (m), average Ti—O
bond lengths for each bond type (n), average Sr—O bond lengths for each bond-type (o), and MSD during Stage II of motion (p). These Fourier
transforms indicate two dominant phonon frequencies, ~1.8 and ~3.8 THz.

fluctuations during the same period of motion, as shown in
Figure 2n,0, respectively. All three Fourier transforms have
distinct peaks at ~1.8 and ~3.8 THz. The 1.8 THz peak is
consistent with the large coherent phonon activation seen in
the initial stage of motion, whereas the 3.8 THz peak arises
from the secondary phonon activation, that is, second
harmonic generation.”**> We also plotted the Fourier
transform of the MSD during the second stage of motion
versus frequency v in Figure 2p. For MSD, the frequency
values were halved, as squaring doubles the frequency in the
Fourier transform. The MSD thus plotted has a peak frequency
of 3.8 THz (raw peak 7.6 THz), which further corroborates
that this phonon mode is activated during the second stage of
motion. The examination of atomic displacements upon
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excitation indicates the initial activation of the ferroelectric
(FE) A,, mode upon excitation, which is consistent with the
~1.8 THz peak.'>*° Video S1 shows the atomic displacements
upon excitation. A diagram with marked A,, mode displace-
ments is also provided in Figure SS. The large-amplitude A,,
modes, in turn, result in nonlinear phonon coupling and
upconversion to the secondary 3.8 THz peak seen in the
second stage of motion, which we attribute to optical-branch O
and Ti rotational modes about the ¢ crystallographic axis. To
highlight the secondary phonon activation of these rotational
modes, Video S2 shows atomic displacements from the atomic
configuration after 1.2 ps, so as to subtract out the initial
displacement from A,, mode activation. Video S3 shows
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Figure 3. Electron—hole and charge dynamics. (a) Time evolution of Kohn—Sham (KS) eigenvalues from 0 to 12 ps divided into the three stages
of lattice motion. (b) Zoom-in on the coherent evolution of the hole wave function during Stage II of lattice motion. (c,d) Fourier transforms of the
hole and electron eigenenergy evolutions, respectively, during Stage II of motion. They both are characterized by a dominant high frequency of
~7.5 THz. (e) Time evolution of the classical dipole moment, as defined in eq 1. The increasing oscillations of the classical dipole are indicative of
an unstable polarization buildup during the coherent motion period. (f—h) Dynamics of the average charge for Ti, O, and Sr, respectively. There is
an initial charge transfer from O—Ti as a result of excitation followed by a period of equilibration as the charge dynamics attempt to stabilize. The
unstable polarization buildup ultimately destabilizes the charge dynamics, resulting in a large charge transfer from O—Ti as the lattice destabilizes.

atomic displacements for the entire trajectory, starting from 0
ps.

Recent studies have shown that weak THz excitation can
specifically excite FE modes in STO, thereby creating a long-
lasting metastable ferroelectric state.'®"? This indicates that
the energetics involved in transferring energy from excited
carriers to the lattice, assisted by the transfer of charge between
atomic species as a result of creating electron—hole pairs,
ultimately causes these modes to become unstable.

To better understand the role of excited carriers and charge
transfer in the unstable phonon dynamics, we plotted the time
evolution of the Kohn—Sham (KS) eigenvalues, as illustrated
in Figure 3a, with Stages I, II, and III labeled and highlighted
with blue, green, and red background colors, respectively.
Figure 3a demonstrates the relaxation of the excited electron
(red curve) and hole (blue curve) during the first stage of
motion, followed by coherent high-frequency motion in the
second stage. Figure 3b shows the coherent hole evolution
during the second stage. The Fourier transforms of both the
hole and excited electron eigenenergy evolution during this
period are shown in Figure 3c,d, respectively. Both the excited
electron and hole states have dominant frequencies at 7.6 THz
equal to approximately twice the frequency of the 3.8 THz
mode seen in the Ti—O and Sr—O bond frequencies. Because
the KS eigenenergy reflects the deviation of these bond lengths
(I(t)) from their equilibrium values (1,y), that is, 6I(t) = lI(t) —
legly its oscillation is characterized by two times the frequency
of that of I(t).”” Thus this 7.6 THz peak is indicative of strong
carrier—phonon coupling driving this phase of ionic
motion.”””** As the lattice begins to destabilize after 6 ps,
Figure 3a exhibits band-gap closing indicative of the reverse
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Jahn—Teller effect.””*° After closing of the band gap, the
excited carriers break free of their phonon-coupled state and
become delocalized carriers that destabilize Ti—O and Sr—O
bonds. Both the high-frequency coherent carrier motion and
the free-carrier evolution resulting in bond destabilization are
illustrated in Video S4.

To quantify the charge dynamics, we first computed a
classical electron dipole moment, which is compliant with
periodic boundary conditions (PBC)

]] (1)

p(t) = eilm(log(/ &r 7/ (p 1)
2z Veen
where e is the electron charge, L, is the length of ath Cartesian
axis of the supercell (a = «, y, or z), V4 is the volume of the
supercell, and p(r, t) is the excited-state electron charge
density at spatial point r = (r,, r,, r,) and time t. Figure 3e
shows the time evolution of the change in the PBC-compliant
electron dipole moment in all three Cartesian directions, with
each stage of motion again labeled and highlighted with a
different color. During the first stage of motion, there is little
change in the electron PBC dipole moment upon excitation. In
the second stage, as the unstable phonon modes begin to
activate, a net asymmetrical change in the dipole moment
forms with negatively averaged p, oscillations and positively
averaged p, and p, oscillations. The p, and p, oscillations
slowly build up until they violently fluctuate as the lattice
destabilizes. These building oscillations are indicative of
unstable net electronic polarization accumulation as result of
excitation, which leads to amorphization. The introduction of a

spontaneous change in the electron-dipole moment along the
[001] direction (i.e., ¢ axis) is consistent with excitation of the

https://dx.doi.org/10.1021/acs.jpclett.0c02873
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Figure 4. Effect of temperature and carrier concentration. (a—c) Atomic MSD at 50 K divided into three stages, as at 10 K, but the resonance
period is now much shorter. (d) Time evolution of the classical PBC-compliant dipole moment. At 50 K, more phonon modes are activated, which
leads to an earlier onset of violent fluctuations in the classical PBC-compliant dipole moment, leading to faster lattice destabilization. (e—g)
Average charge dynamics for Ti, O, and Sr at 10 K with an increased carrier concentration. The increased carrier concentration leads to a large
charge transfer from O—Ti, which immediately destabilizes the lattice, resulting in Ti and O diffusion, which is shown in panel h.

A,, FE mode, indicating the source of the unstable oscillations
in the dipole moment along the [100] and [010] directions to
be strong carrier—phonon coupling to the 3.8 THz rotational
modes. For comparison, the PBC-compliant total electronic
moment for an adiabatic quantum molecular dynamics
(QMD) trajectory at 10 K is plotted in Figure S6. We
observed that the total electronic dipole moment remains
constant, as no FE modes are present in the absence of
electronic excitation. This confirms the electronic-excitation
origin of the polarization dynamics in the NAQMD
simulations. The efficacy of using eq 1 is discussed in the SI
An approximation of the total (ionic and electronic)
polarization using the atomic Mulliken charge is also provided
in Figure S7. A similar trend is seen with a change in the
polarization along the ¢ axis as a result of excitation of the A,,
FE mode.

We also examined the evolution of the average atomic
charge of each atom type through Mulliken analysis, which is
plotted in Figure 3f—h, with each stage of motion again labeled
and highlighted with a different color. After the initial Ti—O
charge transfer upon excitation in the first stage of motion,
both the average Ti and O atomic charges tend to stabilize and
form a new equilibrium. During the second stage of motion,
the average Ti and O charge dynamics are quasistable, but an
increase in the charge transfer from O—Ti begins to build as
the lattice dynamics destabilize. The unstable electronic
polarization builds up, ultimately resulting in a large charge
transfer from O—Ti as the structure gets disordered. As the
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amorphous structure sets in, the average O and Ti charge
dynamics again tend to restabilize during the third stage of
motion. Throughout the trajectory, the average charge on Sr is
largely constant, as its electronic states are deep within the
valence band, so that it is unaffected by the excited electron—
hole dynamics.

To study the effect of carrier concentration and temperature,
we ran the same MD simulations but with increased
temperature and number of excited carriers. Figure 4a—c
shows the ionic motion as described by the MSD, once again
divided into three stages of motion for the MD trajectory at 50
K. Again, there are initially large atomic displacements during
the first stage of motion, followed by a resonance period with
higher frequency motion in the MSD into a final period of
lattice destabilization and amorphization. The coherent-
motion period is much shorter at 50 K due to increased
phonon activation, which can be seen by multiple frequencies
being present in the MSD in Figure 4b. This increased phonon
activation at high temperature leads to an acceleration of the
onset of violent fluctuations of the electron PBC-compliant
dipole moment, as shown in Figure 4d.

Very large carrier concentrations, as illustrated in Figure 4e/f,
can result in extreme charge transfer between O and Ti, which
even causes large fluctuations in the average Sr charge, despite
the fact that its electronic states lie deep within the valence
band, as illustrated in Figure 4g. This large charge transfer
quickly destabilizes the lattice, resulting in one-stage ultrafast
amorphization dominated by Ti and O diftusion, as illustrated
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in Figure 4h. Videos SS and S6 show the atomic motion at 50
K and at 10 K with an increased carrier concentration,
respectively.

We have performed NAQMD simulations on STO and
found that strong optical excitation can result in coherent
phonon activation that leads to unstable phonon and charge
dynamics, ultimately resulting in lattice destabilization and
amorphization. In particular, we find the excitation of the
ferroelectric A,, mode, indicating that a weaker laser fluence
could provide a possible alternative path to the ferroelectric
phase transition other than terahertz excitation if the effects of
the strong carrier—phonon coupling can be mitigated.
Judicious doping could also mitigate these effects by limiting
the charge transfer from O to Ti that results in bond
destabilization.

Furthermore, amorphous STO has significantly different
functional properties from those of its crystalline paraelectric
counterpart, and laser excitation may allow ultrafast access to
those distinct properties. For example, nanometer-thick films
of amorphous STO have been shown to have unique
piezoelectric and pyroelectric phases.””*> Combined with the
strong optical excitation-induced transition to an amorphous
structure found in this Letter, this indicates potential access to
a piezo/pyro-electric phase transition by laser pulses. Such
ultrafast access to a piezo/pyro-electric phase transition will
complement the hidden paraelectric—ferroelectric phase
transition via the weak optical excitation previously mentioned,
thereby offering laser control over a “full stack” of STO
electrical properties. Our results thus promote STO as a strong
candidate material for much richer optical functional control
than was previously known, warranting further experimental
study via ultrafast measurements.

B METHODS

To study the effect of optical excitation on STO, we preformed
NAQMD simulations. QMD**** is an ab initio method that
integrates the trajectories of all atoms by computing their
interatomic forces from first-principles in the framework of
DFT.” DFT calculations were performed using a plane-wave
basis with Vanderbilt-style ultrasoft pseudopotentials®®
(USPPs), and the local-spin density approximation was used
to approximate the exchange correlation functional.>” A plane-
wave cutoft energy of 30 Ry was used for electronic wave
functions, and 250 Ry was used for the electronic charge
density. NAQMD?**~** allows for dynamics of excited carriers
to be modeled within the framework of time-dependent DFT
(TDDFT),* with ionic-motion-assisted transitions between
electronic states modeled using the fewest-switch surface-
hopping approach.”"** Details of our NAQMD simulation
method for photoexcited electron—ion dynamics can be found
in ref 39.

Our simulations were performed on a supercell of 2 X 2 X 1
tetragonal STO crystalline unit cells containing a total of 80
atoms with lattice constants of a = b = 5.56 A and ¢ = 7.90 A.
NAQMD simulations were performed in a canonical ensemble
at temperatures of 10 and S0 K using a Nosé—Hoover
thermostat.*> A time step of 1.206 fs was used, and the gamma
point was used to sample the Brillouin zone. The NAQMD
algorithm was implemented in the highly parallelized plane-
wave basis quantum molecular dynamics simulation code
QXMD.*
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