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‘We examine the ultrafast optical response of the crystalline and amorphous phases of the phase change material
Ge,Sb,Tes (GST) below the phase transformation threshold. Simultaneous measurement of the transmissivity
and reflectivity of thin film samples yields the time-dependent evolution of the dielectric function for both phases.
We then identify how lattice motion and electronic excitation manifest in the dielectric response. The dielectric
response of both phases is large but markedly different. At 800 nm, the changes in amorphous GST are well
described by the Drude response of the generated photocarriers, whereas the crystalline phase is better described
by the depopulation of resonant bonds. We find that the generated coherent phonons have a greater influence
in the amorphous phase than the crystalline phase. Furthermore, coherent phonons do not influence resonant
bonding. For fluences up to 50% of the transformation threshold, the structure does not exhibit bond softening in
either phase, enabling large changes of the optical properties without structural modification.
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I. INTRODUCTION

Phase change materials (PCMs) based on alloys of Ge,
Sb, and Te can be easily, rapidly, and reversibly switched be-
tween ordered-crystalline and disordered-amorphous crystal-
lographic arrangements. Switching between states is typically
achieved by a heat-quench cycle, which can be laser- [1,2] or
current-induced [3,4]. Amorphization is achieved by heating
the crystalline phase above the melting point followed by rapid
cooling. Recrystallization is achieved by heating above the
glass transition temperature and then slowly cooling [5].

The crystallographic switching process is accompanied
by an unusually large change in the optical and electronic
properties of the material and makes PCMs important for
many applications, such as optical data storage [5], nonvolatile
memories [6], and photonics [7,8]. The large optical contrast is
attributed to the so-called resonant bonding in the crystalline
phase [9,10]. The alignment of p orbitals over next-nearest
neighbors enhances the optical matrix elements, which, in turn,
dramatically enhances the optical properties [11]. The lack
of medium-range p-orbital alignment defines the amorphous
phase, which otherwise has similar local atomic arrangements
and bonding. Within this framework, the effect of the phase
transition on the dielectric function of the prototypical PCM,
Ge,Sb,Tes (GST) is known. The peak in optical absorption
of the crystalline state resulting from bonding-antibonding
transitions [10] induces a large real part of the dielectric
function in the low-frequency limit [11]. Upon amorphization,
the peak in absorption shifts to higher energies and is reduced.
This corresponds to a reduction of the real part of the dielectric
function when viewed at a single low frequency below the
bonding-antibonding transition.

In equilibrium, the optical properties are linked to the
structural transition. However, out of equilibrium this does not
have to be the case. Recent measurements of the time-resolved
optical and structural changes in GST demonstrated that the
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some of the desirable optical properties of the crystalline phase
change materials can be switched faster than the time required
for structural amorphization [12].

Switching the optical properties without structural motion
would present new opportunities for PCMs. The PCM device
lifetimes are limited by ionic migration and accumulated
stress acquired during the structural transition. Second, struc-
tural motion is inherently slow, and removing the melt-
ing/crystallization cycle could dramatically improve device
speed, at the cost of a permanent change. Therefore, large
ultrafast changes in the optical properties will be important
for making high-speed optical modulators [13] and other
such photonic devices. Furthermore, rapid optical modification
without structural switching from one of two stable starting
points may open the possibility of novel device design.
One may then choose the starting phase depending on the
application-specific optimal dielectric response.

In this paper we examine and compare, in detail, the
changes in optical properties of amorphous and crystalline
phases of GST following excitation with femtosecond laser
light when permanent switching does not occur. We consider
an excitation regime where large optical changes are possible
without permanent atomic rearrangement, and we consider
both starting crystallographic states. We deduce the influence
of free photoexcited carriers and structural changes on the
materials’ optical properties. We find that the changes observed
in the amorphous phase are consistent with photogeneration
of free carriers in a semiconductor, whereas the response of
the crystalline state is better described by breaking of resonant
bonds. Furthermore, just as the intrinsic vacancies of GST play
a major role in the static optical and electrical properties [14],
they also play a key role in the optically induced structural
dynamics.

II. STATIC OPTICAL PROPERTIES

Thirty-nm-thick samples of amorphous Ge,Sb,Tes (GSTa)
were deposited on fused silica substrates by rf co-sputtering
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FIG. 1. (a) Ellipsometry measurements of the dielectric function
for the crystalline (black) and amorphous (red) phases: €/ = ef/ 4+
i eg/ “. (b) Raman measurements using a 785 nm laser are shown with
solid lines. Notice the increased weight at low frequencies for the
crystalline phase. Arrows correspond to phonon frequencies used in
Eq. (2). The Fourier transforms of the phonons observed at the highest
excitation in this work are shown with dashed lines and agree well
with the static Raman measurements.

and capped with 10 nm of SizN4. The optical and Raman
spectra are shown in Fig. 1. The exact optical properties of the
sample are quite sensitive to sample preparation, and the values
we observe are consistent with the spread of values reported
in the literature [10,15,16]. The GSTa Raman spectrum shows
an asymmetric peak around 4.5 THz with more weight on
the high-energy side. The as-deposited amorphous phase
has slightly different optical and structural properties than
the melt-quenched amorphous state (detailed comparison in
the supplementary information of Ref. [12]). The crystalline
state (GSTc) can be achieved by annealing the as-deposited
sample on a hot plate at 200 °C for 1 h, heating at 10 °C/min.
The phase change, in addition to drastically changing the
dielectric function, also shifts the peak of the Raman/phonon
spectrum to lower energies and further transfers spectral
weight to the low energy side of the peak.

We note that the Raman spectrum of the crystalline phase
was also sensitive to the heating and cooling rate from
the as-deposited amorphous phase. A crystalline phase with
more pronounced peaks could also be formed. However,
we chose a sample with the broad phonon/Raman spectrum
because it matches that obtained from cw-laser crystalliza-
tion [17] and is thus the more technologically relevant sample.

III. TRANSIENT EXPERIMENTAL SETUP

Pump probe measurements were performed in the reversible
regime with 40-fs laser pulses at a central wavelength of
800 nm. The pump spot was focused to 230 um and the
probe to 20 um FWHM to ensure that a uniformly excited
sample volume was probed. The beams were measured on a
CCD camera, and the fluence reported here is that obtained by
the weighted average of the pump that the probe experiences.
Pump and probe beams were separated by a small angle and
impinged on the sample at near-normal incidence. Pump and
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probe were cross-polarized, and polarizers were used to filter
out residual pump scatter from the detectors. The use of thin
samples on a transparent substrate allowed us to measure both
changes in the reflectivity (R) and transmissivity (7'), which
were acquired simultaneously for each delay. No baseline
subtraction was applied to the data, as baseline stability was
continuously monitored for any sign of sample change. As
an additional check, we also ensured that the low fluence
transients were unchanged after completing measurements at
high fluence.

The measurements were performed at a 40-Hz repetition
rate, substantially lower than many pump-probe measure-
ments, to ensure that the sample fully recovered between laser
pulses, including dissipation of any thermal accumulation.
Consequently, no changes in material properties were observed
after several hours of excitation for the fluences reported
here. At higher repetition rates and higher powers, gradual
laser-induced changes to the coherent phonon spectrum of
both samples were observed. These changes were similar
to, but still distinctly different from, the thermally induced
effects on the static Raman spectrum. The changes were
consistent with the emergence of the modes of elemental Te,
indicating that segregation had occurred. Segregation has been
observed in other Te-based compounds [18]. An example of
such laser-induced changes is shown in Fig. 5 and is discussed
in more detail in Sec. VIIL.

IV. MEASURED RESULTS

The time-resolved changes in R and T for GSTc and GSTa
are shown in Fig. 2 for several pump fluences well below the
threshold for permanent switching of the material properties
(<14 mJ cm™2, Ref. [12]). The two phases show very different
dynamics. On short time scales, the crystalline phase shows
a large increase in transmission (up to 20%) and a smaller
decrease in reflection (—4%). A weak coherent phonon can be
observed in transmission, but is barely visible in the reflected
signal. At longer times (=12 ps), a secondary peak is observed
both in transmission and more weakly in the reflection. This
peak corresponds to an acoustic breathing mode of the film,
found to be 44 +£2 GHz. Given the known film thickness,
we calculate the sound velocity to be 2.6 + 0.3 nm/ps in
GSTec, lower than the literature value of 3.16 nm/ps [19].
Furthermore, the temporal position of the acoustic phonon
peak did not change with pump fluence, as indicated by the
dashed line in Fig. 2(a). Therefore, in the regime measured
here, the sound velocity is constant and the lattice remains
rigid.

In contrast to GSTc, the amount of light statically reflected
and transmitted both decrease in GSTa. The photoinduced
fractional changes are largest in the reflected signal, which
show decreases as large as 10%. The transmission changes
are smaller at 4%. The coherent phonon signal is strongest
when measured in transmission, where it dominates the signal
at short times, but it is now also observable in the reflected
signal. At longer time scales the acoustic phonon is no longer
observed, which is a consequence of the increased damping
rate and slower speed of sound for acoustic waves in the
amorphous sample [19]. Furthermore, the dynamics observed
in transmission seem more complex. The change is initially
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FIG. 2. Measured changes in reflectivity and transmissivity for
(a) crystalline and (b) as-deposited amorphous states of GST. The
amplitude of the change is linear in pump fluence. Note that no
softening of the acoustic phonon (marked with dashed line) is
observed.

positive before rapidly becoming negative within a few tens of
femtoseconds, with only small changes in the subsequent 3 ps
of evolution.

Although the reflectivity and transmissivity reveal many
salient features of the dynamics, interpreting the results
is complicated by the fact that these quantities are not
fundamental material properties. Therefore, we use these data
to obtain the complex dielectric function by the transfer matrix
method as done previously [12]. The optical properties of the
Si3Ny layer and SiO, substrate were held constant at literature
values, and only the dielectric properties of the GST layer
were allowed to change. We also assumed that the thickness of
the GST layer did not change. As this is not strictly true due
to the presence of the acoustic phonon, we limit the evaluation
of the dielectric function to the first few picoseconds where
the thermal expansion remains small.

The extracted time-dependent dielectric functions are
shown in Fig. 3. In the crystalline phase, both the real (¢)
and imaginary (e;) parts of the dielectric function show
large decreases with photoexcitation, and the coherent phonon
is only observed to modulate the imaginary part. In the
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FIG. 3. Time-dependent dielectric function of (a) crystalline and
(b) amorphous GST at short times. In GSTc the optical phonon
modifies only €,, but modifies both terms in GSTa. Note the large
magnitude of the effect for GSTc. The optical phonons (dashed lines)
show no frequency shift in either phase.

amorphous phase, the real part of the dielectric function
decreases whereas the imaginary part increases. Furthermore,
the coherent phonon is observed on both the real and imaginary
terms. It is interesting to note that the complex dynamics ob-
served in the transmission signal of GSTa (Fig. 2) are simplified
when converted to the dielectric function. After the initial
phonon oscillations, the transmission remains almost constant
for several picoseconds. This could lead to the conclusion
that the system is not evolving; however, conversion to the
dielectric function makes clear that the system continues to
respond with an almost equal-but-opposite response in both
components of the dielectric function.

V. MODELING THE OPTICAL RESPONSE

Theoretical modeling of the optical properties in nonequi-
librium systems is a rapidly developing field. The effects
of the photoexcited electron-hole plasma [20] and phonon
displacements [21] on a material’s dielectric function can
be accurately calculated in specific systems. However, the
time evolution of these properties still remains out of reach.
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FIG. 4. (a) Schematic representation of the model. The system is
electronically excited from the ground state by the pump laser (p;).
That energy first couples to coherent phonons (SCPs) (p,), and later
couples to the lattice at large (p3). Many energy pathways (e.g.,
electron-electron scattering, electron-phonon scattering, etc., grey
lines) are represented with a single time constant. (b) A representative
fit using Eqgs. (1) and (3) to the time-dependent dielectric function
of GSTc and GSTa. The temporal evolution of the individual fit
components is also shown. The fluence is 4.6 mJ cm~2.

Furthermore, these state-of-the-art techniques are difficult to
apply to GST, because a large unit cell is needed to capture the
amorphous phase making it computationally too expensive.
Instead, we construct a phenomenological model. The
purpose of our model is to extract the amplitudes and
timescales of the various processes that modify the dielectric
function. Additionally, this model is chosen to fit both phases
of GST to permit comparison, and the model is able to
accurately reflect time-zero dynamics to correctly capture the
phonon frequencies and any potential softening. To that end
we construct a model which separates the energy flow within
the material into three sequential reservoirs, p;, 02, and p3
(Fig. 4). The different reservoirs can be loosely assigned to
different underlying physical states. p; represents the energy
in the initially excited electron-hole pairs, which is supplied
by the pump laser P(¢). The photoexcited carriers thermalize
through scattering among themselves and with a subset of
strongly coupled phonons (SCPs), represented by p,. Although
the scattering time for the electrons and holes is likely different,
we represent them with an average time constant 7;. Finally
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the carriers and SCPs scatter with the other acoustic and
optical phonons to thermalize the system, represented as state
p3. Again, although there are multiple scattering processes
involved, we represent the overall process by a second time
constant ;. The sequential reservoirs give rise to the following
set of coupled equations:

pr=P@)—pi/t1, p2=p1/T1 — p2/T2, pP3=p3/T0.

While the model is similar to a three-temperature model, we
stress that these rates do not directly represent thermalization
rates. For example, it is known that the lattice thermalization
time in the crystalline state is 2.2 ps regardless of fluence [12].
Here, lattice thermalization most closely corresponds to 7.
However, in our model this process is also averaged with other
effects, such as electron-hole recombination.

To model the optical response of electronic origin we
consider the simplest case of linear coupling. This is justified
as long as there is linear dependence of the transient response
on fluence (i.e., below the phase transformation threshold). As
a result, a set of complex coefficients ; links the reservoirs to
the dielectric function, yielding the following expression:

3

() =) aipi(t), ()

i=1
where p; is normalized. In principle, the a coefficients depend

on the probe wavelength.

We now consider structure-based modifications of the
dielectric function. The coherent lattice response is found by

solving the differential equation

0; + 2yiw0; O + 0%, Qi o F(1), 2

where Q; is the displacement of the phonon mode, and y; and
wy; are the damping ratio and angular frequency, respectively.
F(t) is the force which drives the displacements, which we
assume is proportional to the initially created electron-hole
distribution. The phonon modes then couple to the dielectric
function with another set of complex coefficients, yielding

et) =Y b0, 3)

where, again, the b; coefficients depend on probe wavelength.

The total dynamic contribution of both electronic and
structural effects on the dielectric function is the the sum of
Egs. (1) and (3). The sum was fit simultaneously to both the
real and the imaginary part of the dielectric function, and the
result was convolved with the pump pulse temporal profile
to account for finite experimental time resolution. Excellent
fits can be obtained at all fluences for both material phases.
Example fits are shown in Fig. 4(b), as well as the temporal
evolution of all of the fit components.

VI. MODEL RESULTS

The lattice oscillation of both the amorphous and crystalline
phases is well described by two harmonic phonons, despite
the fact that the Raman spectra shown in Fig. 1(b) are clearly
asymmetrically broadened. Initially the phonon frequencies,
damping rates, and the phonon force time constant 7; were
allowed to vary as a function of fluence, as phonon softening
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TABLE I. Summary of the phonon fit parameters that are inde-
pendent of fluence: the phonon frequencies (@), damping constant
(y), and force constant (7). The phonon frequencies are marked with
arrows in Fig. 1(b).
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TABLEII. Summary of the fit parameters that depend on fluence.
The observed linear dependence is given in units of (A€)/mJ cm™2.
The a terms represent the electronic response, while the b terms
describe lattice vibration.

Amorphous Crystalline
w (THz) 39 2.98
Vi 0.26 0.24
w, (THz) 4.5 4.29
) 0.43 0.24
7y (fs) 197 80

has been observed in some samples of GST and related
compounds [22-25]. However, the phonon peak position did
not soften in the raw data in Fig. 3, and neither was a frequency
shift obtained from the fit. The averages of the fitted values,
summarized in Table I, were then taken and a second fit
iteration was performed with these parameters held constant.

The resulting phonon frequencies are in good agreement
with those observed in the static Raman spectra, marked with
arrows in Fig. 1(b). Also shown in Fig. 1(b) is the phonon
spectrum of both phases for the highest level excitation.
Again, excellent agreement is found between the static Raman
spectra and the time-resolved data, further indicating that no
significant mode softening is observed.

The time constant t; strongly depends on the starting phase
of the material. Scattering of photoexcited carriers occurs
almost twice as quickly in the crystalline phase than in the
amorphous phase. As these carriers are those that create a
displacive force on the lattice, a short t; translates into a
short-lived force on the lattice.

The thermalization time 7, increases with fluence for both
the amorphous and crystalline states. In the crystalline state,
the value varies nonlinearly from 1.6 ps at low fluences to
2.2 ps at4 mJ cm~2 and is shown in more detail in Ref. [12]. In
the amorphous state the recovery is faster, ranging from 0.8 ps
at low fluences to 1.2 ps at 4 mJ cm~2. As this term contains
the equilibration between excited carriers and the lattice, the
faster thermalization of GSTa is consistent with observations
of carrier lifetime decay using THz spectroscopy [26].

The remaining fit parameters describe how the electronic
and crystallographic response (the a and b terms) modify the
dielectric function. They were found to vary roughly linearly
with fluence, with small deviations at the highest fluences. The
linear dependencies of the coefficients are reported in Table I1.
The initial photoexcited carriers (a; ), have no effect in the crys-
talline state and a small effect in the amorphous phase. Both a;
and a3 modify the dielectric function in the crystalline phase
more than in the amorphous phase. In the crystalline phase the
changes decrease both parts of the dielectric function with in-
creasing pump fluence, moving toward the values of the amor-
phous phase. This is expected for amorphization. However, the
amorphous state values do not move toward those of the crys-
talline state, demonstrating that the initial dynamics in GSTa
are not related to recrystallization. The structural response of
the material, obtained from b coefficients, plays a stronger role
in the modulation of the dielectric function in the amorphous
phase compared to the crystalline phase, and the magnitude of
the changes are similar to those of the a coefficients.

Amorphous Crystalline
Real Imaginary Real Imaginary
a/F —0.07 —0.06 0 0
a/F —0.26 0.27 -0.75 —0.58
a3/ F —0.02 0.12 -0.29 —0.28
b/F 0.15 0.17 0 0.08
b,/ F —-0.22 —0.04 0 —0.13

VII. DISCUSSION

To gain more insight into the observed processes we
compare the size of the changes induced in the dielectric
function with those that would be induced by the generation
of free carriers in the conduction band, which is typically
observed in semiconductors [27-29]. Such a response can be
estimated using the Drude model. We use the scattering time
and conductivity of GSTc reported in Ref. [30] for both states.
Assuming that photoexcitation creates 30% of the equilibrium
number of charges, for a probe wavelength of 800 nm we
obtain

AeDrude,amorph = —0.3 4 0.04,
AGDrude,crystalline = —2.3+0.30i.

Note that for a pure Drude response, the real term of the
dielectric function is expected to decrease while the imaginary
term increases for both phases of GST. This is what is seen in
GSTa. Thus we conclude that p; is dominated by the response
of the free carriers. Also, the correspondence in the time scales
of free carriers measured in the THz regime to that seen here
further supports a Drude interpretation [26]. This makes the
response of GSTa similar to that of amorphous GeSb [31].

More striking is that the observed optical response of GSTc
is not Drude at 800 nm, as the imaginary term response has the
wrong polarity. In this spectral region, and unlike GSTa, GSTc
optical properties are dominated by resonant bonding [10,32].
Resonant bonding is primarily responsible for the large real
part of the dielectric function found in the crystalline state,
shown in Fig. 1(a).

Resonant bonding can be altered two ways: by changing the
carrier distribution or by changing the alignment of p bonds on
medium length scales [11]. In GSTc the initial photocarriers
depopulate the states responsible for the resonant bonding,
inducing the large optical change. As the carriers thermalize
with the lattice they further induce changes in the bond angle
that temporally extends the reduction in resonant bonding.
The thermal energy must dissipate before extended alignment
returns and resonant bonds can be reestablished. We stress
that the structural reduction of resonant bonding arises from
a quasithermal distribution of phonons with a range of wave
vectors and not the coherent optical phonons.

We now consider the effect of coherent lattice motion on
the dielectric response. It is surprising that coherent optical
phonons are observed in GSTc, since the NaCl-like structure
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(space group Fm3m) with only 4a and 4b sites occupied [33]
does not allow Raman-active modes. Phonons are observed
because the intrinsic vacancies in GSTc break the symmetry
at specific sites. This enables a range of vibrational frequencies
in the Raman spectrum and is why the amorphous phase
Raman spectrum is higher energy than the crystalline one, as
more modes become active [34]. Thus, unlike the delocalized
modes observed in most crystalline phases, the phonon modes
in both the crystalline and amorphous states of GST should
be considered localized to vacant sites. With this in mind,
it is perhaps not surprising that the force time constant 1
for the crystalline phase is significantly less than that of
the amorphous phase. As the crystalline state is conductive,
excited electronic states are delocalized. Thus electrons excited
in the vicinity of the vacancies can quickly spread, reducing
the time spent in the neighborhood of the vacancy and the time
over which force is applied to the localized lattice mode. In the
amorphous state electrons are more localized, which extends
the time over which the lattice force is applied. Furthermore
these local modes can be more easily excited in the amorphous
state due to the greater presence of defects, which is a natural
consequence of the increased crystallographic disorder. This
also explains the larger amplitude of the b terms seen in GSTa
[Fig. 4(b)].

In addition to the force lifetime, the effect of coherent
phonons on the optical properties of both phases is markedly
different. In GSTc, both phonon modes modulate only the
imaginary part of the dielectric function (the » terms in
Table II). To the contrary, in the amorphous phase the phonon
modifies just the real part of the dielectric function (the
4.5 THz phonon, b;) or both parts equally (the 3.9 THz
phonon, by, as well as b,). This difference is most likely due
to the shift in the GSTc absorption resonance peak position
shown in Fig. 1(a). Coherent phonons typically modify optical
properties through band gap or resonance modulation [35-37].
In the crystalline state, the 1.5-eV probe photon energy is
close to the absorption resonance, and thus the phonon mostly
likely modifies the absorption through shifts of charge transfer
resonance in this spectral region. The charge transfer resonance
shifts to significantly higher energies in the amorphous phase,
so absorption changes play a smaller role in the GSTa response
at the 800-nm probe wavelength. Consequently changes in the
real part of the dielectric function become more pronounced.
The increased visibility of the phonon is expected in GSTa, as
the Raman scattering of GSTa is also stronger.

Since resonant bonding is sensitive to bond angle distor-
tions, it has been suggested that vibrationally exciting GSTc
through laser-generated coherent phonons may be able to drive
the amorphization [38]. Destabilizing resonant bonding in the
crystalline phase would modulate the real part of the dielectric
function, which is not observed in our measurements. We
believe this is because the observed phonons are due to local
atomic motion near vacancies and thus may not be able to
influence the angles of the more spatially distributed resonant
bonds.

When GST is excited to the transformation threshold, the
lattice potential significantly changes due to melting [39].
However, both the coherent acoustic and optical phonons
show no indication of softening up to approximately 50%
of single-shot fluence in the present work. This shows that
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the lattice potential is not significantly modified in either
phase below the phase transformation threshold. This is in
contrast with other measurements of similar materials in which
phonon softening has been observed [22-25]. There are several
possible explanations for why our results differ.

The extremely low repetition rate is used in our measure-
ments is several orders of magnitude lower than those used
in other pump probe measurements. Consequently we have
full heat dissipation between pulses, and the static sample
temperature does not increase when we increase the pump
fluence. Thus we are certain that no continuous heating of the
sample occurs.

‘We found that samples which had Raman spectra indicating
Te segregation did show phonon softening with increasing
pump fluence. To demonstrate this, we show in Fig. 5 how the
response of the amorphous phase changes after several hours
of exposure to femtosecond laser pulses without interpulse
relaxation. Upon subsequent reduction of pump energy, the
overall changes in transmission closely match that of the
pristine amorphous state shown in Fig. 2, but much longer
lived phonons are seen. The observed frequency of the phonons
clearly does depend on the pump power, unlike the data
reported here. It is known that phonons in Te, like bismuth,
are strongly dependent on the pump intensity [40]; since the
observed phonons correspond to those of elemental Te [41,42],
we suspect that the laser induces permanent Te segregation
without crystallizing the sample, and that isolated Te islands
do not exhibit as strong damping as the localized phonons
in GST. Similarly, we could also induce changes in the
crystalline state phonons without amorphizing the sample on a
macroscopic scale. Other groups have also reported that mode
softening depends on sample preparation [43]. Thus careful
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FIG. 5. (a) Phonons in an amorphous sample exposed to pro-
longed periods of laser exposure without complete relaxation between
pulses. In subsequent measurements, the phonons ring longer. (b)
Also, phonon softening can clearly be seen with increasing fluence.
(c) The softening is clear in the Fourier transform as well, in addition
to spectral weight changes. This indicates permanent sample change
and is consistent with Te segregation.
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characterization of the sample before and after the experiments
is required.

Finally we note that many experiments which show mode
softening are on superlattice samples [24,25]. It is known that
the phase transition in GST can be controlled by strain, and that
superlattices offer a way to control strain in the samples [44].
In superlattices, acoustic phonons become Raman active due
to back-folding at the zone boundary. Although not present in
the samples reported here, back-folded modes may be more
strongly effected by pump-induced strain and show different
dynamics than what we observe. As a result, we believe that
coherent phonons in unstructured films cannot be used to drive
amorphization; however, superlattices may present different
opportunities.

VIII. CONCLUSIONS

In this work we have addressed the photoinduced changes
in the dielectric function of both the amorphous and crystalline
phases of GST. We find that the response at 800 nm is sensitive
to both structural and electronic effects. Although the mea-
sured transient reflectivity and transmission look qualitatively
different in the two phases, conversion to the dielectric function
reveals that the underlying dynamics are similar.

In both cases, the response is dominated by photoexcited
carriers. In GSTa the carriers induce a Drude response at
800 nm. Whereas, in GSTc, the photoexcited carriers de-
populate resonant bonds, altering the optical matrix elements
responsible for the dielectric response. Resonant bonding
is then further destabilized by incoherent phonons, and
GSTc does not recover until the excitation can be thermally
dissipated.

In addition coherent acoustic and optical phonon modes
also appear in the transient response. In the range of fluences
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measured here, we do not see any change in the frequencies of
these oscillations, which suggests that the lattice potential and

covalent bonding are relatively unaffected by photoexcitation
at levels up to 50% of the single-shot transformation fluence.
We argue that the coherent optical phonons primarily modulate
the resonant bonding-antibonding transition, and that, as these
modes are localized near vacancies, they do not significantly
perturb extended resonant bonding in the crystalline state.

Practically, the dielectric function changes in both the
amorphous and crystalline states are of a similar amplitude.
Thus the starting phase of choice will depend on whether an ap-
plication requires large changes in transmission or reflection.
However, the excited electrons persist longer in the crystalline
state. As lattice heating drives the permanent phase transition,
the crystalline phase may present better opportunities for
extracting energy from the electronic system before it is
transferred to the lattice, enabling larger transient changes to
be induced without permanent structural modifications.
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