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ABSTRACT Phase-change materials (PCMs) represent the leading candidates for
universal data storage devices, which exploit the large difference in the physical

GeTe

properties of their transitional lattice structures. On a nanoscale, it is fundamental to
determine their performance, which is ultimately controlled by the speed limit of  rhombohedral: «
transformation among the different structures involved. Here, we report observa-
tion with atomic-scale resolution of transient structures of nanofilms of crystalline
germanium telluride, a prototypical PCM, using ultrafast electron crystallography. A amorphous

nonthermal transformation from the initial rhombohedral phase to the cubic TolbeheeEl o cubic: p
structure was found to occur in 12 ps. On a much longer time scale, hundreds of

picoseconds, equilibrium heating of the nanofilm is reached, driving the system toward amorphization, provided that high excitation energy is invoked.
These results elucidate the elementary steps defining the structural pathway in the transformation of crystalline-to-amorphous phase transitions and
describe the essential atomic motions involved when driven by an ultrafast excitation. The establishment of the time scales of the different transient

structures, as reported here, permits determination of the possible limit of performance, which is crucial for high-speed recording applications of PCMs.

KEYWORDS: phase-change materials - ultrafast electron diffraction - phase transitions - structural dynamics - germanium telluride -

Ge—Sb—Te alloy

hase-change materials (PCMs) are
the most promising candidates to be
used as active media in universal data
storage devices. This is because of their
nonvolatility, high operating speed, scal-
ability, and cyclability, as clearly shown for
Ge—Sb—Te (GST) alloys." * Unlike the cur-
rent commercial devices, where electrical
charges are used for encoding the informa-
tion during data storage, PCMs exploit the
large difference in physical properties ex-
hibited by their multiple structural phases.?
As a consequence, the risk of data leakage
does not practically exist, enabling a large
increase of the storage density.”~” Demon-
stration of a fully functional memory with a
5 nm thick storage medium (~8 unit cells)
was recently reported.’ However, in order to
fully exploit this potential, knowledge and
control of PCMs ultimate performance be-
comes essential, especially when the length
scale reaches that of nanodevices.
Optical PCM-based devices, such as DVD
and Blu-ray disc,® are operated by laser
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pulses (see illustration in Figure 1a). The
recording process employs a short and in-
tense pulse, which is able to amorphize the
active medium from its initial crystalline
phase. A long and relatively weak pulse is
then used to recrystallize the amorphous
phase in order to erase the written informa-
tion. The two structurally different states,
crystalline and amorphous, have distinct
optical reflectivity that is enough to be
exploited for data storage. Although nano-
second laser pulses are commonly used for
this operation, significant effort has been
devoted to explore the upper limit of the
operation speed by using shorter laser
pulses.®'° The use of femtosecond or pi-
cosecond pulses, especially during the re-
cording process, has an intrinsic advantage
over nanosecond lasers because of their
efficient excitation and thus the expected
enhanced rate of amorphization.

The ultimate speed of the operation is
controlled by the microscopic structural
dynamics, whose nature at an atomic scale
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Figure 1. Phase change materials (PCMs) device, the ap-
proach (UEC), and static diffraction. (a) Representation of
the writing (left) and erasing (right) operations in an optical
storage material based on its phase change: ¢-PCM and
a-PCM are the crystalline and amorphous phases, respec-
tively. (b) Representation of the layout for the optical-
pump/electron-probe UEC experiments in the transmission
geometry. (c) Static diffraction pattern of a crystalline GeTe
nanofilm obtained in UEC; the peaks are labeled according
to the initial rhombohedral structure but also for the cubic
structure of the intermediate. Several peaks associated with
pure-Ge clusters are also observed and marked with a star.

has in recent years become the subject of intense
debate. Both thermal®® and nonthermal mecha-
nisms'® "% have been suggested to describe the
amorphization of the crystalline phase, and various
atomic-scale models'*~'® have been proposed to ex-
plain the rearrangement of the local order. The first of
these was the “umbrella-flip” model,"® which predicts,
based on extended X-ray absorption fine structure mea-
surements, a coordination change from octahedral to
tetrahedral during the amorphization. Although it re-
presents an interesting idea, recent first-principle’*~'°
and reverse Monte Carlo calculations'” proposed that
no coordination change is required. The amorphization
is then assisted by a large number of vacancies present
in GST alloys, leading the majority of the octahedrally
coordinated atoms to lose some bonds and become
defective.
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It follows that understanding the underlying me-
chanism behind the phase transition requires the
direct probing of the structural evolution of the lattice
with ultrafast time- and atomic-scale spatial resolu-
tions. With optical femtosecond laser excitation and
probing, dynamics of amorphization of the crystalline
phase have been reported.® '° Because of the long
wavelength of the optical probe, the individual atomic
motions of lattice dynamics are not observable.
Ultrafast electron diffraction provides the means, par-
ticularly in nanofilms, for such studies of structural
dynamics at the spatiotemporal resolution needed,
which, in this case, is important because the “information
bits” are carried out by the lattice. This technique has
successfully been applied in the studies of melting, phase
transitions, and lattice dynamics of other materials.'®~ >

Here, we specifically investigate, using ultrafast elec-
tron crystallography (UEC) in the transmission geome-
try (Figure 1b), the lattice evolution of crystalline GeTe
nanofilms, a prototypical PCM and the most suitable
system for quantitative studies of the phase transfor-
mation because of its well-defined and characterized
structure. Following a femtosecond optical excitation,
we monitored the temporal behavior of the measured
positions and intensities of Bragg reflections. A tran-
sient solid—solid transformation from the initial rhom-
bohedral phase (0-GeTe) to a rocksalt-type structure
(B-GeTe) is observed, a process that was found to have
a speed of 1/(12 ps). Studies of the fluence dependence
of both intensity and position for different Bragg
reflections indicate that this phase transition is
mediated by the combined effect of electronic and
structural instabilities. As discussed below, the process
is distinct from that of thermal heating of the lattice,
which typically leads to equilibration in hundreds of
picoseconds and drives the system toward the final
amorphous state, provided it is excited with high
enough energy (fluence) and has a high cooling rate.
The spatiotemporal sampling reported here reveals
the formation of a high-symmetry intermediate struc-
ture in the early stages of the amorphization process
when the material is driven by an ultrafast optical
excitation. These results elucidate the elementary
steps defining the structural pathway and the non-
concerted nature of the phase transformation in PCMs.
The identification of intermediates for GeTe helps to
establish the general mechanism for all GST alloys,
where several structural intermediates also exist.®?’
As such, the relative time scales of the different tran-
sient structures, and that of amorphization, will then
provide the possible limit for the performance of PCMs.

RESULTS AND DISCUSSION

The details of the UEC experiments are reported in
the Methods. Briefly, the sample is a 20 nm-thick free-
standing crystalline GeTe film. The static diffraction
pattern is representative of the rhombohedral o-phase
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Figure 2. Structural intermediates of the phase transition. The atomic mechanism behind the transition from the initial
rhombohedral structure to the final amorphous phase (from left to right). First, a movement of Te atoms takes place on the fs
time scale (0. — o), and then a shear deformation of the lattice results in the cubic structure on a time scale of 12 ps (o' — f3).
Finally, the thermal heating, which equilibrates in hundreds of picoseconds, creates a liquid state and leads the system toward
the amorphous state, provided the fluence is high enough and the system rapidly quenches. The change of the interatomic
potential associated with the different phases is also indicated; ¢ = 57.94° and 6 = 60° are the rhombohedral angles of the

o and j3 phases, respectively.

(Figure 1c and Figure S1 in the Supporting Information).
The structural dynamics are initiated by a 120 fs laser
pulse (wavelength of 800 nm) and probed by a sub-
picosecond electron pulse at variable delay times with
respect to the optical excitation (Figure 1b). The tem-
poral evolution of the diffraction pattern is measured
also as a function of the excitation fluence.

Before discussing in details our observations and
their implications, it is helpful to explore the possible
structural transient intermediates for GeTe. This will
allow us to provide a general landscape in which the
mechanism behind the transition from crystalline to
amorphous structures, as derived from our experi-
ments, can be fully understood.

Structural Intermediates. A rhombohedral phase with
octahedral coordination, a-GeTe, is the energetically
stable structure at room temperature (Figure 2a); the
double minima in the interatomic potential represent
the equivalent position, below and above the dotted
line, of the Te atom along the [111] direction, R (the
polarization of the A,4 optical phonons®). The first
structure to consider is the one involving the move-
ment of the Te atom toward the center of the unit cell,
but keeping the rhombohedral angle, ¢, unchanged;***
here we term it o/, with the potential along R being a
single well. From the o/-phase, an intermediate cubic
structure (f) is possible when the angle ¢ increases.
This rocksalt-type, cubic structure can be related to the
rhombohedral one through a symmetry reduction,
which is described by the instability of the electronic
and structural states; and is mediated by two different
deformations. The first is a 2.6% relative down displa-
cement of the Te atoms at the center of the cubic unit
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cell along the [111] direction, as given in ref 30,
whereas the second is a shear deformation of the cubic
cell causing the rhombohedral angle, ¢, to decrease
from 60° to 57.94°3"32 The intraunit cell atomic dis-
placement of Te atoms is understood as a Peierls
instability of the -phase, driven by the energy mini-
mization in the case of half-filled valence orbitals.3*~3°
This Peierls distortion induces nonequally spaced
atoms along the [111] direction, therefore resulting in
a double-well interatomic potential with the minima
deviating from the fcc lattice sites®® (Figure 2a).

Driving the system with, e.g., a laser field causes the
migration toward amorphization. Recent first-principle
calculations show that the cubic phase, 5-GeTe, is
the most energetically favorable structure under elec-
tronic excitation.>® From an energetic point of view,
the ultrafast excitation permits the accumulation of
enough carriers in the conduction band, which signifi-
cantly modifies the interatomic potential, with the gen-
eral tendency to raise the lattice symmetry.'#2%2%37 A
transformation of the potential from a double-well to a
single one (see Figure 2b) by increasing the carrier
density above a threshold value is reminiscent of
an inverse Peierls' distortion, which changes the
symmetry of the structure.’®??3” It should be noted
that electron—phonon coupling plays an important
role, and in this case it is the optical A4 distortion (in
130 fs)2%2° that drives the lattice into the o’-structure,
shown in Figure 2b, with a negligible change of
the rhombohedral angle. This picture is fully consis-
tent with one provided by our results (see below)
where a transformation toward a “real” cubic struc-
ture is demonstrated.
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It is worth mentioning that when the transforma-
tion occurs through a series of thermodynamic equi-
librium states (such as in static thermal annealing), an
order—disorder mechanism, where the system fluctu-
ates between the two potential minima, rather than a
displacive mechanism, has been proposed to take
place at a structural short-range order.>® However, in
the case of the laser-driven transition discussed here,
the system explores high nonequilibrium states on
its potential energy surface and the electron-driven
change of the interatomic potential described above is
the dominant process.

Besides the electronic potential change, a simulta-
neous shear deformation of the unit cell is necessary to
reach the full cubic symmetry. Thus, to complete the
a-to-f transition, an increase of the rhombohedral
angle, ¢, from 57.94° to 60° is required (Figure 2c).
The time scale of this process is mainly determined by
the excitation of acoustic phonons>® via anharmonic
decay of optical phonons. These two distinct pathways
are analogous to the two elementary processes re-
solved in the transformation of metal-to-insulator
transition in vanadium dioxide.'®

Equilibrium heating of the lattice is reached on a
much longer time scale. Provided that high enough
excitation energy is invoked, lattice thermal vibra-
tions in the solid material drive the system toward
the Lindeman limit for melting, where the fluctuations
in atomic positions, relative to interatomic distances,
acquire a critical value, typically 15%. A high-rate of
cooling in the molten state could then generate the
final amorphous state.

Diffraction along Three Directions. From the diffraction
pattern in Figure 1¢, we can clearly distinguish all
the low Miller indices crystallographic directions in
GeTe. Using the (220), (111), and (113) reflections,
which exhibit the best signal-to-noise ratio, we can
univocally determine the temporal evolution of the
unit cell. In order to facilitate the following discussion,
Miller indices of the measured Bragg reflections have
been transformed from the rhombohedral reference
framework into the cubic one.>™*° As will be shown in
the next section (Dynamics and Time Scales), all reflec-
tions exhibit, although with distinct amplitudes and
features, an initial ultrafast dynamics (time constant of
12 ps) followed by a slower component evolving on a
longer time scale (time constant of 160 ps). These
values have been determined from the transient
changes of both intensity and peak position for the
observed Bragg reflections. The fluence dependence
of the dynamics, as detailed below, can provide a clear
indication of the presence of structure intermediates.

The atomic motions during the phase transforma-
tion can be probed by monitoring both the intensity, /,
and the scattering vector (peak-position), s, for the
observed Bragg reflections in the transmission pat-
terns. The diffraction intensity is proportional to the
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square modulus of the structure factor, F, which de-
pends on the crystalline symmetry and the atomic
displacements within the unit cell. On the other hand,
lattice deformations modify lattice plane distances,
and thus the corresponding scattering vectors change
accordingly.

In Figure 3, the intensity change, plotted as
Debye—Waller (DW) factor W = 1/s,> log(l/l), and the
peak-position change for both the ultrafast and the
slow components of the measured Bragg reflections
are shown as a function of the excitation fluence. In
the following, we indicate with Iy and s, the intensity
and scattering vector before laser excitation and
with Asi/sg = (so — $1)/S0 and As,/sq = (51 — $2)/s0 the
scattering vector change for the ultrafast and slow
component, respectively. Since the mean square dis-
placement of the atoms, <u®>, is proportional to the
Debye—Waller factor, that is <u?>e< W, the plot of the
intensity change in terms of W enables us to test
whether a thermal equilibrium model is valid or not,
similar to the approach used in previous works.?**'

For the ultrafast component (Figure 3a,c), both the
intensity and the peak position display an anisotropic
behavior as evident in the different Bragg reflec-
tions. The fluence dependence exhibits a threshold at
1.1 mJ/cm? with a plateau at higher values, which
cannot be related to a thermal heating of the lattice.
If thermal equilibration is reached, the DW factor, W,
and the scattering vector change, As/so, are expected
to be the same for all Bragg reflections and should
exhibit a linear trend with the fluence.** This is contrary
to the observations made for the ultrafast dynamics,
although it is consistent with the results obtained for
the slow-component behavior (see Figure 3b,d). More-
over, the presence of the threshold is typical of phase-
transition processes in correlated systems.'® It follows
that the ultrafast component cannot be associated
with a thermal-driven dynamics, and thus must be
related to nonequilibrium structural changes driven by
the excited carriers. It is also important to mention that
we exclude a nonlinear effect in the optical absorption
(such as photobleaching), since the peak power of the
laser pulses at the highest fluence used (0.62 PW/m?) is
well below the threshold of 2 PW/m? where nonlinear-
ity begins to play a role.*

Because the structure factor, F, is sensitive to
changes in lattice symmetry, the real nature of the
ultrafast dynamics can be elucidated by determining
its dependence on the extent of the optical excitation.
For the (hkl) reflection, F is given by

Fria(r) = Y f; expl—27i(hki)- ¥]] (1)

J

where f; are the atomic scattering factors and r; defines
the atomic positions. Since / o< |F|?, the DW factor is a
quantitative measure of such change. When the con-
tribution related to the optical phonons (A4 and E;)
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Figure 3. Fluence dependence of Bragg reflections. The intensity change, plotted as a Debye—Waller (DW) factor, W = 1/s,°
log(//ly) (panels a and b), and the peak-position change, plotted as As/s, (panels c and d), for both the ultrafast and the slow
components of the measured Bragg reflections are displayed as a function of the laser fluence. The subscripts “1” and “2” are
associated with the ultrafast and slow dynamics, respectively. The dashed lines are guides to the eyes. The color code is
as follows: blue for (220), red for (113), and black for (111). For the ultrafast component (panels a and c), both the intensity
and the peak position display an anisotropic behavior, and the fluence dependence exhibits a threshold at 1.1 mJ/cm? with
a plateau at higher values. In contrast, for the slow component (panels b and d) an isotropic behavior and a linear fluence
dependence are clearly visible, which is consistent with thermal heating of the lattice on this time scale (see text). The
estimated temperature increase of the lattice at thermal equilibrium is shown on the right axis of panels b and d (see also the

Supporting Information).

excited from the electron excitation in the initial
rhombohedral phase, calculated as shown in ref 21, is
subtracted from the DW factor change presented in
Figure 3a, we obtain the trend shown in Figure 4a,
where the nonequilibrium structural change can be
isolated. Based on the selection rules of Bragg reflec-
tions for a rocksalt-type structure, the increase of the
intensity for the (220) peak is consistent with the
“allowed” nature of this reflection in the cubic S-phase,
and the decrease for the (111) and (113) peaks is well
correlated with their “quasi-forbidden” character in a
cubic structure. This behavior indicates that a solid—
solid transition toward the cubic phase takes place in
GeTe after the ultrafast excitation.

A further confirmation of this mechanism also
comes from the Bragg peak-position change. As de-
scribed above, the completion of the o-to-f transition
corresponds to the increase of the rhombohedral
angle, ¢, from 57.94° to 60°. Assuming a rigid angle
change and a 0.28% reduction of the bond length,
based on isotropic lattice parameter change associated
with the transition measured by neutron diffraction,
the shear motion responsible for the angle change can
be decomposed along the [111] and [001] directions
(Figure 4d). From the measured change of the peak-
position for the (220), (111), and (113) reflections, we
obtain the lattice strain, gy = (Ad/d) iy = (AS/S) iy
along the corresponding direction. The strain compo-
nents 71y and &qory along the [111] and [00T]
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directions can be obtained by projecting the measured
deformations, €20y, €111y @and g(113), along these direc-
tions. At the highest fluence used (7.5 mJ/cm?), we
obtain 0.6 x 1072 and 1.1 x 1072 for &f;17) and &f01),
respectively (see also Figure S5a in the Supporting
Information).

The strains &{;11) and g{oom) can be used to deter-
mine, by geometrical consideration at each fluence,
the change of the atomic positions, r;, within the unit
cell. The corresponding modification of the structure
factor can thus be obtained from the eq 1. These
associated changes of the DW factor, which are shown
in Figure 4b for the measured Bragg reflections, well
reproduce the behavior obtained from the intensity
change plotted in Figure 4a, thus confirming again that
the ultrafast excitation is capable of promoting a
transformation toward the cubic phase.

With the same geometric consideration, it is also
straightforward to calculate the value of ef’m) and
E?ooT) for the structure to reach the condition ¢ = 60°
with a simultaneous isotropic contraction of the bond
length. These are 0.6 x 1072 and 1.2 x 1072, respec-
tively. However, considering the propagation of the
laser pulses at 800 nm in a-GeTe, we calculated from
the absorption spectra®* a penetration depth of 14 nm
(1/e), thus only the top layers of the film will be excited
with sufficient carrier density to transform o into the
B phase. The kinetics of the transition is straightforward
to solve (see below and Supporting Information) and
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Figure 4. Phase transition and structure factor change with fluence. (a) Debye—Waller (DW) factor for the observed Bragg
reflections as a function of the laser fluence, obtained from the intensity change of the ultrafast component when the
contribution related to the excited optical phonons is removed. The dashed lines are guides to the eyes. (b) Fluence
dependence of the DW factor obtained from the structure factor change when the lattice strains associated with the shear
motion (increase of rhombohedral angle) and the bond length reduction, &{;11) and &{go1), are used to determine the change of
the atomic positions within the unit cell. The values of &{;,1) and &07) have been obtained by projecting the measured
deformations, £(220) = (As/S)220) €111y = (AS/S)111), @nd &113) = (As/s)(113), along the [111] and [001] directions. The dotted lines
represent the variation of the structure factor when only the change of the rhombohedral angle is considered, whereas the solid
lines indicate the case where both angle and bond length changes are taken into account. (c) Fluence dependence of the DW
factor obtained from the structure factor change calculated for the a-to-f transformation using simple geometric considerations
and the kinetic rates model described in the text and the Supporting Information. (d) Representation of the atomic motions along
the [111] and [001] directions induced by the shear deformation that transforms the lattice into a cubic structure. In panels a and
b, “Expt.” stands for experimental. For all panels, the color code is as follows: blue for (220), red for (113), and black for (111).

gives the percentage Pj of the transformed unit cells;
for example, at a fluence of 7.5 mJ/cm? the percentage
P =13% was obtained. The effective strain can thus be
obtained: efi) = £ Pp, giving the values of 0.7 x 107>
and 1.5 x 102 at 7.5 mJ/cm? for the [111] and [007]
directions, respectively (see also Figure S5b, Support-
ing Information), in good agreement with the experi-
mental results. Combining eq 1 and the kinetics (for Pp),
the fluence dependence of the structure factor change
associated with the a-to-f transition was calculated.
The trend obtained for the DW factor, plotted in
Figure 4c, exhibits a satisfactory agreement with the
experimental results and further confirms the transi-
tion toward the cubic phase. Moreover, the increase of
the volume fraction of the formed f-phase with in-
creasing fluence is also at the origin of the fluence-
dependent behavior for As;/se, shown in Figure 3c.
Dynamics and Time Scales. The observed transients for
the Bragg reflections studied provide the rates of the
elementary steps involved. In Figure 5a we present the
change of the scattering vector for the (220) reflection
as a function of time; similar results were obtained for
the (113) and (111). The peak-position change exhibits
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an initial ultrafast drop, then a plateau behavior for
time delays between 20 and 30 ps, followed by a slow
decay on a longer time scale. The observation of a
plateau suggests that competing dynamical channels
are involved in the overall process of the transforma-
tion.'®** Two characteristic time constants were deter-
mined by multiexponential curve fitting: 11.8 £ 1.2 ps
for the ultrafast component, and 160 + 39 ps for
the slow one. The transient change of the diffraction
intensity taken at long times also exhibits similar
behavior. In Figure 5c we show the results for the
(220), (111), and (113) Bragg peaks at times up to
200 ps. All reflections exhibit the initial ultrafast decay
with a time constant of 11.6 £ 2.4 ps, followed by the
slower dynamics. The measured time constant of about
12 ps correlates well with typical values for the excita-
tion of acoustic phonons®? and is consistent with a
picture where acoustic modes mediate the shear defor-
mation of the unit cell that drives the a-to-3 transition.>®

The transient behavior on the longer time scale
reveals another dimension of structural dynamics.
Given the heat diffusion coefficient in GeTe of
2.6 x 1072 cm?/s (see the Supporting Information)
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As; and As, represent the amplitude of the ultrafast and slow component, respectively. The inset depicts in more detail the
early time region with the plateau being robust in the time region of 20—30 ps. The solid line is the exponentials best fit of the
experimental data, from which two time constants are determined: 11.8 & 1.2 ps for the ultrafast component and 160 + 39 ps
for the slow one. (b) Simulated transient change of As (blue solid line) from the kinetic rates model, showing also the presence
of a plateau as observed experimentally. The curve is generated by the combined contribution of the shear transformation
and the thermal expansion (gray dashed lines); see the text and Supporting Information for further details. (c) Experimental
transient behavior of the diffraction intensity for the different observed Bragg reflections at 4 mJ/cm. The time constants of
11.6 + 2.44 ps and 128.7 + 19.7 ps are characteristic of the ultrafast and slow dynamics, respectively. (d) Simulated temporal
changes of the diffraction intensity for the studied reflections. Note that for both intensity and peak position changes no
further modification with respect to the trend shown in panels a and c is observed up to 1 ns. For panels a, ¢, and d, the color
code is as follows: blue for (220), red for (113), and black for (111).

and the sample thickness of 20 nm, the heat conduc-
tion within the sample must occur in ~150 ps, in close
agreement with the time constant of 160 ps for the
slow component of the peak-position change. As im-
portantly, this slow component, as shown in Figure 3d,
exhibits a linear fluence dependence, for all reflections,
which is typical of a thermal heating process induced
by laser excitation.*

To quantify the structural evolution, we developed
an analytical model and simulated the lattice dynamics
as a function of the delay time and excitation fluence;
the details are given in the Supporting Information.
The kinetics of the phase transition is described using a
rate-equation approach, from which the transition
probability can be obtained. A fully reversible and
sequential transformation from o to 8 has been as-
sumed on the time scale studied, and the rate-constants
are dependent on the excited carrier density, whose
dynamics also includes nonradiative recombination
processes. The lattice heating under the laser excitation
is obtained within the framework of the two-temperature
model,*® where energy transfer to the thermal bath via
the 8 phase is also included

Thewa=za & wTh

where Th is the thermal bath (see also Figure S2,
Supporting Information).
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In parts b and d of Figure 5 we show the results
of the simulations for the peak-position and intensity
changes, respectively. A satisfactory agreement with
the experimental results is obtained, especially when
we note that the simulations not only reproduce the
rates involved but also the plateau occurring in the
peak position change. As evident in the intensity
change (Figure 5d), the slow component is determined
by the interplay of different processes: (i) the change of
the structure factor (positive for the (220) and negative
for (111) and (113), see also simulations in Figure S4,
Supporting Information) and (ii) the thermal heating
of the lattice, which equilibrates in 160 ps. The recovery
of the lattice toward the initial a-phase, which is mediated
by nonradiative carrier recombination occurring in
hundreds of ps in GeTe,* is capable of relaxing the
electronic system toward its initial equilibrium state.
The restoring of the a-phase also corresponds to the
removal of shear deformation of the unit cell, leading
to a decrease of As, which combined with the thermal
expansion of the lattice, increase of As, generates the
observed plateau behavior (Figure 5b).

A final point is worth discussing: the laser-induced
thermal heat of the a-to-f transition can be excluded.
At the highest fluence used, the temperature rise, as
extracted from intensity and peak-position change at
long delay times (~400 ps, when thermal equilibrium is
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reached), is only 160 K (see Figure 3b and 3d). This
value is much smaller than the value of 400 K necessary
to thermally induce the transformation to 33° and also
smaller than the value that would be calculated if all
energy absorbed by the GeTe nanofilm is converted
into heat (see the Supporting Information). Other
related points of this aspect are the optical pump—
probe experiments in ref 9, where the authors reported
that the fluence required for amorphization to be
78 mJ/cm?, an order of magnitude higher than the
value (7 mJ/cm?) that it is obtained from the thermal
properties of the material (see above and the Support-
ing Information) for femtosecond excitation. This is,
once again, consistent with a nonthermal pathway
where intermediate barriers are involved.

CONCLUSIONS

Implications on the Performance of PCMs. In summary,
the spatiotemporal investigation of the structural dy-
namics in crystalline GeTe reveals the transient struc-
ture and relevant atomic motions involved in the phase
transition mechanism following an ultrafast excitation.
A nonthermal solid—solid transformation occurs in
12 ps, driving the initial rhombohedral phase toward
a rocksalt-type structure, which is a precursor of the
final amorphous state. The process is mediated by a
shear deformation of the unit cell whose time scale
is determined by selective excitation of acoustic
phonons. On a much longer time scale, hundreds of

METHODS

Sample Growth. The investigated crystalline samples were
obtained using the following procedure. First, amorphous GeTe
films were grown by magnetron sputtering from a stoichio-
metric GeTe target on a freshly cleaved NaCl substrate. The base
pressure in the vacuum chamber during operation was 7 x 10>
Pa, and an argon plasma (Ar partial pressure of 0.6 Pa) was used
for the sputtering. The deposited film thickness was 20 nm as
measured by a quartz-crystal thickness monitor. The as-deposited
films were then transferred on 1000-mesh copper grids (TedPella)
by delamination in deionized water. The crystallization of the
amorphous films was obtained by annealing at relatively low
vacuum (~1072 Torr) using a GSL-1700x tube furnace. The
annealing temperature of 350 °C was reached at an initial
heating rate of 10 °C/min and held for 10 min, after which the
sample was left to naturally cool down to room temperature. It is
reasonable to assume that the film thickness did not change
significantly during the crystallization process, and a nominal
thickness of 20 nm is retained for the crystalline films.

It is worth mentioning that GeTe has been shown to be
particularly sensitive to the annealing temperature.* In order to
verify that no chemical change was induced by the annealing,
we measured the composition of the films by electron probe
microanalysis using the JEOL JXA-8200 microprobe. We deter-
mined the composition of the alloy, 47:53 (Ge:Te), which is close
to its stoichiometric value of 50:50, and similar to that reported
in previous studies (46:54 in ref 9). This also indicates that
oxidation within the volume of the sample is negligible, and
the possible formation of monolayer oxide at the sample
surface,”® as induced by postannealing air exposure, does not
play a significant role because of the transmission geometry of
the experiment (see below and Figure 1b). The diffraction
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picoseconds depending on the film thickness, thermal
equilibrium is reached. This equilibration drives the
system toward the final amorphous state, provided
it is excited with high enough energy (fluence) and is
rapidly quenched. Both thermal and nonthermal pro-
cesses are distinct in their behavior from the change of
Bragg reflections with time and their dependence on
the fluence.

The ultrafast diffraction measurements reported
here demonstrate the ability to disentangle the nature
of the atomic motions during the phase transition and
provide a more general picture for PCMs. In GST alloys,
different atomic structures with similar energy are
possible. In particular, the structure with the lowest
energy is often characterized by an octahedral coordi-
nation where local distortions can be significant.3***

By establishing the time scale for the different
transient structures, and knowing that of amorphiza-
tion, the ultimate performance for the recording speed
of PCMs can be derived. For GeTe, the bottleneck in the
amorphization process is represented by the long
thermal annealing (hundreds of ps), starting from the
S phase. However, for the Ge,Sb,Te; alloy the photo-
induced amorphization only takes few ps,*® and thus a
possible solid—solid transformation between two me-
tastable crystalline phases (cubic and hexagonal®® in
this case), similar to the behavior observed here, may
play a significant role in determining the limit for the
performance of Ge,Sb,Tes-based devices.

pattern, reported in Figure 1¢, shows the presence of several
additional peaks that are associated with pure-Ge clusters. This
is typical of a crystallization process performed by annealing
and is consistent with the exhaustive investigation given in
refs 40 and 51. Nevertheless, the spatial density of these Ge
clusters is generally very low so that the effect on the measured
structural dynamics is negligible.

UEC Experiments. The UEC setup has been described in detail
in ref 45. Briefly, a laser-pump/electron-probe scheme is
adopted, working in the stroboscopic mode with a variable
delay time between the pump and probe pulses. Femtosecond
laser pulses with a duration of 120 fs and a central wavelength
of 800 nm are generated from a Ti:sapphire amplifier at the
repetition rate of 1 kHz. The laser beam is divided by a beam
splitter into two portions: one is the pump beam, used to initiate
the dynamics and focused on the sample with a p-polarization
and a 45° angle with respect to its normal (the spot size on
the sample is 1.6 x 1.1 mm?); the other beam portion is
frequency-tripled via third harmonic generation creating a
266 nm UV beam. The UV beam is guided to a LaBg cathode
of the photoelectron gun (Kimball Physics, Inc.) in order to
generate a pulsed electron beam, which is accelerated to 30 keV
and then focused in normal incidence on the sample (the spot
size is 131 x 82 um?). Since the spot size on the sample surface
for the electron beam is much smaller than that of the pump
laser beam, a homogeneous excitation is guaranteed in the
region probed by the electrons within a plane parallel to the
surface.

In order to minimize space-charge effects, an electron
pulse containing only ~360 electrons was generated, giving a
pulse duration shorter than 1 ps.>2 Even taking into account the
velocity mismatch®® between electrons and photons and the
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experimental geometry, the temporal resolution of the mea-
surement is still better than 1 ps. The relative delay time
between laser-pump and electron-probe is controlled by a
linear delay stage inserted into the optical path of the pump
beam. The diffraction patterns obtained from electron scatter-
ings of the sample are recorded on a MCP/phosphor screen/
CCD assembly, which is working in the gate mode. To obtain a
good signal-to-noise ratio, more than 200 temporal scans were
acquired, and in each scan every diffraction pattern was aver-
aged over 20,000 reproducible events. At the laser fluence used
in this work, the sample recovers to its initial state in less than
1 ms, before the next pump pulse arrives. In fact, no accumu-
lated modifications or damage have been observed after
several days of measurements, as confirmed by the lack of
long-term changes of the diffraction pattern acquired before
the laser excitation.

The diffraction pattern of crystalline GeTe nanofilms in the
transmission geometry consists of Debye—Scherrer rings; this
ring pattern represents averaging over crystalline domains in
the range studied (grain size ~20 nm). The pattern shown in
Figure 1a is measured on thermal-annealed GeTe, performed
as described above, and is representative of the rhombohedral
a phase.31 This is confirmed by the splitting of (111) and (171)
peaks in static diffraction, as clearly visible in Figure S1
(Supporting Information), which is related to local lattice dis-
tortion stabilizing the o phase; in a perfect cubic system these
two peaks would have the same scattering vector. When a fs-
laser is used to crystallize the as-deposited amorphous films,
instead of thermal-annealing, a similar diffraction pattern is
obtained (see Figure S1, Supporting Information), attesting the
relevance of the rhombohedral phase in all laser-based tech-
nological applications.

In order to facilitate the discussion, the Miller indices of the
measured Bragg reflections were transformed from the rhom-
bohedral reference framework into the cubic one: specifically,
the (003), (014), and (015) Bragg reflections in the rhombohedral
system correspond to the (111), (220), and (113) peaks in the
cubic framework, respectively. By azimuthally averaging the
two-dimensional pattern, a one-dimensional rocking curve as a
function of the scattering vector can be obtained. Here, a Hough
transform was used to trace the ring center of each pattern as
a function of the delay time, so that any drift of the electron
beam could be compensated for. To quantitatively study the
dynamics, the region of interest within the rocking curve was
fitted using multiple Lorentzian functions and a linear back-
ground, from which the position and the intensity of the
observed diffraction peaks were carefully determined. We note
that transient electric field (TEF)** effect in this geometry is
calculated to give 13 urad at the highest fluence of 7.5 mJ/cm?.
This gives rise to a change in Bragg peak position of 0.7 x 107>, a
3-fold smaller than the observed experimental change of 2 x 107>,

As a final comment, it is worth mentioning that coherent
harmonic strain waves can be created along the direction
normal to the sample surface due to the laser excitation.
However, in the UEC measurements made here, the free-
standing configuration of investigated films and the transmis-
sion geometry in normal incidence, where the scattering vector
of the electrons is perpendicular to the polarization vector of the
wave, make the contribution of this strain waves negligible in
the observed transients.
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