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ABSTRACT: Nonadiabatic quantum molecular dynamics is used
to investigate the evolution of GeTe photoexcited states. Results
reveal a photoexcitation-induced picosecond nonthermal path for
the loss of long-range order. A valence electron excitation threshold
of 4% is found to trigger local disorder by switching Ge atoms from
octahedral to tetrahedral sites and promoting Ge—Ge bonding.
The resulting loss of long-range order for a higher valence electron
excitation fraction is achieved without fulfilling the Lindemann
criterion for melting, therefore utilizing a nonthermal path. The
photoexcitation-induced structural disorder is accompanied by
charge transfer from Te to Ge, Ge—Te bonding-to-antibonding,
and Ge—Ge antibonding-to-bonding change, triggering Ge—Te
bond breaking and promoting the formation of Ge—Ge wrong

bonds. These results provide an electronic-structure basis to understand the photoexcitation-induced ultrafast changes in the

structure and properties of GeTe and other phase-change materials.

hase-change materials (PCMs) exhibit remarkable differ-

ences in the resistivity of their crystalline and amorphous
phases, which can be used to construct effective nonvolatile
memory devices.'! The (GeTe),(Sb,Te;),_, alloy family
(GST) shows nanosecond fast crystalline—amorphous phase
transition and is the most promising and studied PCM.' ™ The
amorphous phase of PCMs is conventionally obtained by
melting the crystalline materials, by application of short laser or
electric pulses, followed by quenching to room temperature.
Alternatively, it has been reported that femtosecond laser
photoexcitation can induce a nonthermal amorphization
process.””® Using first-principles molecular dynamics (MD),
Li et al.” showed that a 9% electronic excitation leads to
amorphization of GST within several picoseconds at a
temperature below 700 K. Tiwari et al.* demonstrated ultrafast
nonthermal amorphization in Sb,Te; induced by photo-
excitation. Experimental reports also confirm ultrafast photo-
excitation-driven phase-change in GST alloys.”

GeTe is a prototype binary PCM in the GST alloy family,
capable of switching rapidly between its vacancy-free
crystalline structure and its amorphous phase.'”'" At low
temperatures, GeTe is known to adopt a bond hierarchy,
where short and long Ge—Te bonds indicate strong and weak
bonding in a Peierls distorted rock salt structure.'” Kolobov et
al.’ demonstrated that small atomic misalignment could trigger
the destruction of the subsystem of weaker bonds in GeTe and
subsequent collapse of the ordered phase leading to non-
thermal amorphization.
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In contrast with the crystalline phase, which is characterized
by the presence of resonance bonding,'*~"> the amorphous
phase in PCMs displays primarily covalent bonding. In GeTe,
while some Ge atoms preserve a local structure similar to that
of the crystalline phase,'*™"® which is referred to as “defective
octahedral sites” or “pyramidal sites”, most Ge atoms acquire a
tetrahedral bonding geometry, characterized by four equivalent
Ge—Te bonds forming 109.5° bond angles in a typical sp’
hybridization.'” This raises the question about the formation
mechanism of this tetrahedral geometry and the coexistence of
octahedral- and tetrahedral-like sites in the amorphous
phase.”*™>*

The effect of laser pulses on a solid may not be described
simply as a “heating effect” when the induced repulsive
interatomic forces swiftly induce lattice disorder. That is the
case when the laser pulse is intense and the duration is as short
as femtoseconds, which can generate effects on a time scale
significantly below the characteristic phonon relaxation time.”*
Nonetheless, the photoexcitation-induced nonthermal bond
changes in GeTe leading to amorphization are not fully
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Figure 1. Changes in the structure of GeTe with photoexcitation. (a) GeTe structure after thermalization at 300 K. (b—e) GeTe structures after S
ps of photoexcitation at different excitation levels n: n = 2.6% (b), 4.0% (c), 5.2% (d), and 7.5% (e). Green and yellow spheres represent Ge and Te

atoms, respectively.
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Figure 2. Mulliken bond overlap as a function of time for Ge—Ge, Ge—Te, and Te—Te bonds. The black curve corresponds to time t = —0.1 ps
(before photoexcitation). Red, blue, and green curves represent results at ¢ = 0.01, 1.0, and 2.5 ps (after photoexcitation), respectively.

understood. Possible mechanisms, such as the phase flip of the
wave function” and the formation of transient three-center
bonds,* have been proposed and need to be further validated.
In addition, no direct investigation of the evolution of the
GeTe structure with excited states leading to the loss of long-
range order induced by photoexcitation has been performed so
far to validate these views.

Here, we apply nonadiabatic quantum molecular dynamics
(NAQMD) simulations to investigate the evolution of the
GeTe structure with photoexcited states. NAQMD simulations
show disorder in GeTe via a nonthermal path within a few
picoseconds when the photoexcitation level exceeds 4.0% of
the valence electrons. The simulation results provide insights
into the onset of the local disorder and the change in the GeTe
bonding nature, preceding the nonthermal ultrafast loss of
long-range crystalline order.

In the GeTe cubic crystalline phase, each atom has a
coordination number of six and displays an octahedral atomic
arrangement typical of rocksalt structures with cation/anion
sites occupied by Ge/Te atoms, respectively.’® Figure la
shows the thermalized GeTe structure at 300 K, along with
GeTe structures at 700 K after 5 ps of photoexcitation at
different levels of excitation. NAQMD simulations are
performed with n = 2.6%, 4.0%, 5.2%, and 7.5% valence
electrons excited. The GeTe structure relaxed at 300 K shows a
broader Ge—Te bond length peak, as shown in Fi§ure S1,
which can be explained by Peierls distortions (PDs)."*>%*"~*
The distortion occurs along the [111] direction and was
reported to lower the electronic energy (44 meV/atom) and
increase the band gap31 from 0.37 to 0.5 eV. In our simulations

10231

at 300 K, the thermal vibration destroys the well-defined
arrangement of long and short bond lengths, and instead, the
bond length distribution displays a broad distribution around
~3 A (Figure S1). As shown in Figure 1b, excitation at n =
2.6% is insufficient to induce structural disorder. However, for
photoexcitation at n = 4.0%, the results show local disorder,
indicating that the threshold to trigger GeTe local disorder is
achieved. A higher excitation level leads to extensive disorder,
widespread loss of the long-range crystalline order, and the
formation of Ge—Ge and Te—Te wrong bonds.

In order to characterize the structural change illustrated in
Figure 1, the mean square displacement (MSD) of Ge atoms is
calculated as a function of time (Figure S2a), while the
evolution of the fraction of Ge—Ge and Te—Te “wrong” bonds
is plotted in Figure S2b. The induced atomic diffusion leads to
widespread bond breaking and loss of long-range order. It
should be noted that such an amorphization takes place
without any melting as the temperature of the system is kept at
700 K, well below the melting point (at ~1000 K). That
implies that by applying femtosecond laser photoexcitation, the
crystalline-to-amorphous transition time could be reduced
from hundreds to a few picoseconds using a nonthermal path.

The overall evolution of the excited electronic state is
provided by the calculated Mulliken bond overlap as a function
of time. Results for excitation at n = 2.6% and 7.5% are shown
in Figure 2. Before photoexcitation at time t = —0.1 ps, Ge—Ge
and Te—Te bond pairs are in antibonding states with peaks at
—0.2 and —0.08, respectively. Meanwhile, the Ge—Te bond
pair is in a bonding state as expected, with a peak at 0.25. For
2.6% excitation, at all times, the Ge—Ge, Ge—Te, and Te—Te
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J. Phys. Chem. Lett. 2022, 13, 10230—10236


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02448/suppl_file/jz2c02448_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02448/suppl_file/jz2c02448_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02448/suppl_file/jz2c02448_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02448/suppl_file/jz2c02448_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02448?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02448?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02448?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02448?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02448?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02448?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02448?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02448?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c02448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
Bond length (@) OTes (b) OTes (c) (OTe5
35A
lll. Ge2 Te7| Teq Tet
Ter O
IIII Te6
25A ~@Ge3
OTe3
() ®) (e) Q ® )
P— - —0 \ 0
Tor “Cé(/ o P> T g0 e L ©
Iy L1=3A ; 12=26A
& \). 81=90° & e, & Jez =109.5°

Figure 3. Local disorder triggered by Ge diffusion at n = 4.0%. (a—c) Shift of Ge atom from octahedral to tetrahedral sites for t = 1.833 ps (a),
2.094 ps (b), and 3.942 ps (c). (d—f) Schematic of the corresponding local disorder mechanism.

states are preserved with only small changes in the peak
positions and widths. In sharp contrast, at the large
photoexcitation level of n = 7.5%, at time t = 1 and 2.5 ps,
the Ge—Ge and Te—Te bond pairs show bonding character-
istics, which is consistent with Ge—Ge and Te—Te wrong
bond formation. That is particularly the case for Ge—Ge,
which shows a well-defined peak at 0.5. In the case of Te—Te,
a positive tail indicates the presence of a non-negligible
bonding state. In contrast, Ge—Te bond pairs, while still
displaying a mostly positive bonding state, feature now a
negative antibonding state tail at £ = 1 and 2.5 ps, consistent
with Ge—Te bond scission. The combination of Ge—Te bond
scission with Ge—Ge and some limited Te—Te bond
formation is consistent with the picture of amorphization of
the GeTe structure.

The results in Figures 1 and S2 indicate a threshold for the
photoexcitation-induced local disorder between n = 4% and
5.2%. It is instructive to investigate the associated disorder
mechanism activated at this excitation level. Figure 3 shows the
illustrations of the evolution of the structure at the local
disorder site. The local structure change indicates the shift in a
Ge atom position from an octahedral to a tetrahedral site in a
nearest-neighbor unit cell. The transition is identified as the
trigger point for the local disorder, which is also found
elsewhere.”* From Figure 3a—c, at t = 1.833 ps, a Ge atom
(labeled Gel) is octahedrally bonded with six neighboring Te
atoms. At t = 2.094 ps, as the bond lengths between Gel—TeS
and Gel—Te6 atoms increase, the bonds become weaker and
finally rupture. At t = 3.942 ps, shown in Figure 3c, the Gel—
Te7 bond is also broken while a new Gel—Te4 bond is
formed, leading to a tetrahedrally coordinated Ge. While not
shown in Figure 3, at longer times, the formation of an
intermittent Gel—Ge2 bond is also observed as the Gel atom
moves along the [111] direction toward the Ge2 atom
position. As shown in Figure 3d—f, the schematic mechanism
for this Ge octahedral to tetrahedral coordination transition is
proposed: (i) bond breaking with two nearest-neighbor Te
atoms, (ii) motion along the [111] direction, and (iii) bond
formation with diagonal Te atom with simultaneous bond
breaking with another Te atom. The excited orbitals at the
corresponding time are found to be concentrated in the
disordered region, as plotted in Figure S7. The phase-flip
mechanism proposed by Kolobov et al.”’ suggests that the
wave function phase could be changed at high-level excitation,
resulting in the weakening of GeTe longer bonds, which would
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transition from bonding to antibonding states. The region with
concentrated excited orbitals has a high possibility of
experiencing such a phase-flip, explaining the repulsive
interatomic forces leading to the observed disorder. This
process is consistent with the observed increase in the MSD
shown in Figure S2b. At the transition threshold, between 4%
and 5.2% of valence electrons excited, the MSD values increase
until the Lindemann criterion for melting is fulfilled, inducing
localized nonthermal melting of the crystal structure.

Since the formation of Ge—Ge wrong bonds is observed in
the disordering process, it is worth considering the bond
nature in the octahedral-like to the tetrahedral-like transition of
Ge coordination. We examine the homopolar Ge—Ge bondin%
based on crystal orbital Hamiltonian population (COHP)”
analysis together with the electron localization function
(ELF).>® A relaxed GeTe local structure at 300 K is shown
in Figure 4a, displaying the same atoms in Figure 3. The
COHP for the average Ge—Te bond in the structure is shown
in Figure 4b, displaying a stable bonding state. The flat COHP
curve for the Gel—Ge2 pair and the zero ELF value between
the atoms show a nonbonding state in the relaxed structure in
Figures 4c and S7a. During the disorder process, the
homopolar Gel—Ge2 bond formed, as shown in Figure 4d,
at t = 2.122 ps. We find that the Ge—Te bonds are at a slightly
antibonding state; meanwhile, the Gel—Ge2 pair displays a
weaker antibonding state, as shown in Figure 4ef. To further
understand the effect of Ge—Ge bonds in the presence of a
tetrahedral structure, we consider the tetrahedral structure
found at t = 3.942 ps in Figure 4g. We find that the COHP for
all four Ge—Te pairs is at a slight antibonding state in Figure
4h. Concurrently, Gel—Ge2 (separated by 2.69 A), Gel—Ge3
(separated by 2.48 A), and Gel—Ge4 (separated by 2.86 A)
pairs show an antibonding state, as shown in Figure 4i. The
evolution of the excited state with dynamic generation of
bonding and antibonding states for Ge—Te and Ge—Ge pairs
is one of the reasons for the swift bond-breaking after
formation, as observed in our simulation.

The photoexcitation-induced amorphization process de-
scribed here does not involve melting and quenching. It has
been reported that the destruction of the weaker (long) Ge—
Te bonds could be obtained by distorting the perfect GeTe
structure, leading to a subsequent collapse of the long-range
order resulting in amorphization.” The destruction of the
longer bonds is induced by photoexciting electrons from high-
energy states in the valence band to low-energy states in the
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Figure 4. COHP bonding analysis of Ge—Te and Ge—Ge interaction.
(a—c) Bond length (a) and COHP (b and c) before Gel—Ge2 bond
formation for t = —0.001 ps. (d—f) Bond length (d) and COHP (e
and f) after Ge—Ge bond formation for ¢ = 2.122 ps. (g—i) Bond
length (g) and COHP (h and i) after Ge—Ge bond formation for ¢ =
3.942 ps.

conduction band, enhancing the concentration of non-
equilibrium charge carriers. These charge carriers populate
antibonding states of the weaker metavalent bonds,** as shown
in the COHP curves in Figure S6, leading to structural
relaxation and bond rupture, causing the collapse of the long-

range order. This mechanism effectively opens a path for
lowering the energy barrier for bond breaking and triggering
structural disorder at a temperature lower than the nominal
melting point, similar to photoexcitation preferential bond
rupture in As,S;*° and GST.*

Figures 2 and 4 show that Ge—Ge bonding does not lead to
strong antibonding states. Otherwise, Ge—Ge bonding would
result in a large repulsive force, which would be unfavorable for
the approximation and bond formation between Gel and Ge2
atoms. Furthermore, with proper Ge—Ge distance, the
bonding state of Ge—Ge pairs is reported in the disordered
region, supporting its stability. These results are su3p7ported by
bond-weighted distribution function calculations,”” showing
that Ge—Ge bonds are chemically stronger in tetrahedral
motifs than in octahedral motifs. It is also suggested that the
unexpected Ge—Ge bonding interactions support the reshuf-
fling of electrons from antibonding Ge—Te into bonding Ge—
Ge contacts, lowering the energy and enhancing the stability of
the structure.*®

The results in Figure S show the change in the Kohn—Sham
energy eigenvalues and provide visualizations of the excited
orbitals as a function of simulation time. After excitation at n =
4.0%, the appearance of the singly occupied orbitals, as shown
in Figure Sa, is a consequence of the evolution of the excited
state. The decline of the blue and yellow lines in Figure Sa
shows the partial recovery of the ground state within the 4.5 ps
of simulation. Figure Sb—d shows the concentration of excited
high-energy orbitals in the locally disordered region.

In summary, by performing NAQMD simulations, a
nonthermal structural disorder in GeTe occurs after photo-
excitation at an excitation level of no less than 4.0%.
Accompanying the photoexcitation is the swift charge transfer
from Te to Ge atoms. The Mulliken bond overlap shows
increased Ge—Ge and Te—Te bonding interaction with
weakened Ge—Te bonding interaction. The examination of
local disorder at 4.0% excitation level shows the trigger to be a
Ge atom diffusion from octahedral to tetrahedral sites.

(a) 1.5

1

Kohn-Sham energy eigenvalues

0

2

Figure S. Evolution of Kohn—Sham energy eigenvalues and the excited orbitals for photoexcitation level n = 4.0%. (a) Kohn—Sham energy
eigenvalues as a function of time. The red, yellow, and blue curves represent orbitals that are empty, singly occupied, and doubly occupied,
respectively. (b—d) Excited orbitals for t = 1.833 ps (b), 2.094 ps (c), and 3.942 ps (d).
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Meanwhile, the excited orbitals are found to be concentrated in
the locally disordered region. This work sheds light on
structural and electronic mechanisms for photoexcitation-
induced GeTe amorphization and explores the bonding nature
during this process.

B METHODS

NAQMD simulations are performed on a supercell composed
of 3 X 3 X 3 cubic GeTe crystalline unit cells with lattice
constanta=b=c=6A, containing a total of 216 atoms. The
system is first relaxed in a canonical ensemble at a temperature
of T = 300 K using a Nosé—Hoover thermostat.”” The I point
is used to sample the Brillouin zone. NAQMD simulations are
then performed in a canonical ensemble at T = 700 K. A time
step of 1.2 fs is used in the integration of the equations of
motion. All simulations are performed using the plane-wave
basis quantum molecular dynamics code QXMD.***!

In quantum molecular dynamics, the trajectories of all atoms
are integrated based on interatomic forces calculated using the
Hellmann—Feynman theorem in the density functional theory
framework.””™* The GGA-PBE approximation is employed
for the exchange—correlation energy, and dispersion forces are
calculated with the DFT-D correction method.**’ The
projector augmented wave (PAW) method is used in the
calculation of the electronic states.”® The plane-wave cutoff
energy is set at 30 Ry for the electronic wave functions and 250
Ry for the electronic charge density. The dynamics of the
excited states is modeled using the fewest-switches-surface-
hopping method.*"*** In NAQMD, excited-state forces are
computed using an extension of the Harris—Foulkes
approach.*’ Details of the NAQMD method are reported
elsewhere.*'
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