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Phase change random access memory devices made from chalcogenides compounds, such as GeaSbaTes,
have attracted much attention because of their high-speed read-write and low power consumption capabilities.
The phase change in GeaSbaTes is thought to be characterized by the displacement of Ge atoms, accompanying
relaxation of surrounding Sb and Te atoms. Here we examine a new approach, that is the manipulation of Ge-Te
bonds using linearly-polarized femtosecond near-infrared optical pulses. As a result, p-polarized pump pulses are
found to be more effective in inducing the precursor of phase change, probably due to the atomic arrangements

along the unique axis of the superlattice structure.

PACS: 78.47.J—, 63.22.Np, 63.20.kd, 63.20.kk

1. Introduction

Pseudobinary alloys along the GeTe/SbyTes pseudobi-
nary tie-line have been used in a wide range of phase-
-change memory applications including DVD, Blu-ray
disk, and electrical memory [1]. GeaSbyTes (GST) is of-
ten considered to be a prototypical phase change memory
compound and has been used in both commercial elec-
trical and optical phase-change devices. Phase-change
materials demonstrate pronounced differences in optical
and electronic properties upon transformation between
the disordered and crystalline phases; the transforma-
tion can be induced by heating with pico- or nanosecond
optical or electrical pulses. The underlying mechanism of
the phase change process has been examined both theo-
retically and experimentally. In the transformation from
the disordered to crystalline phase, creation of the long-
-range order of the crystalline state leads to the formation
of a delocalized-bonding state, often referred to as reso-
nant bonding [2] in contrast to the more typical covalent
bonding of the disordered state [3]. The change in bond-
ing is accompanied by correspondingly large changes in
optical and electrical properties. It has been shown that
long-range order can be manipulated by taking advantage
of the bonding energy hierarchy of the crystalline state
[4, 5]. In addition, recent studies have demonstrated un-
usual ultrafast response from photoexcited carriers and
coherent local vibrations [6, 7]. Furthermore, the ex-
citation of an anisotropic carrier distribution by linearly
polarized pulses in solids has been shown to induce bond-
-selective excitation in Ge [8].

Besides the elucidation of phase change mechanisms
for alloy materials described above, new artificial struc-
tures based upon Ge-Sb—Te phase-change alloys have re-
cently been developed to further enhance switching prop-
erties. Chong et al. reported that phase-change electri-
cal memory based upon superlattice (SL)-like (GeTe)/
(SbaTes) provided better performance with respect to the
switching speed and programing current as well as dura-
bility [9]. Subsequently, crystallographically strongly-
-oriented GST-SL with superlattice wavelengths only a
few monolayers thick were developed [10] based on the
phase-change model of Kolobov and workers [11] and
were shown to greatly reduce the energy requirements
for switching due to a reduction in dimensionality. Fur-
thermore, some of the current authors demonstrated ul-
trafast phase change from the disordered to crystalline
phases within 1 ps by manipulation of the local vibra-
tional modes originating from local GeTey4 units in GST-
-SL [7]. This result implies that the phase change in
GST-SL is characterized by the displacement of Ge atoms
without a nucleation process. For further development
in both operation time and energy consumption of the
data storage technology, it is important to utilize coher-
ent control techniques in atomically-designed materials.
However, the detailed mechanism of the phase change in
GST is still under debate and further investigations are
required.

In this study, we examine the possibility of bond-
-selective excitation for Ge atoms in disordered GST-
-SL by tuning the polarization of the pump pulse and
observing the resulting changes in the ultrafast local vi-
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brational motion of the A; mode of GeTes employing
coherent phonon spectroscopy (CPS). In crystallograph-
ical oriented material such as the SL, a particular ori-
entation of a linearly polarized pulse would be expected
to induce an anisotropic photoexcited carrier distribu-
tion as well as a subsequent anisotropic electron—phonon
and hole—phonon coupling [8, 12, 13]. Here we demon-
strate the harnessing of coherent phonon generation to
induce a driving force for the selective displacement of Ge
atoms from tetrahedral-like to octahedral-like coordina-
tion through anisotropic electron—phonon coupling by ap-
plication of a linearly polarized pulse. CPS is a power-
ful experimental method to study the ultrafast dynamics
of structural change on the sub-picosecond time scale,
which is applied to semimetals [14], ferromelectric ma-
terials [15, 16], and the Mott insulators [17, 18]. Previ-
ously reported results for CPS in GST revealed that a
Ge-related phonon mode is affected by the phase change
[19, 20]. In GST-SL, the frequency of the A; mode of
tetrahedral-like coordinated Ge in the disordered phase is
3.84 THz. On the other hand, that of octahedral-like co-
ordinated Ge in the crystalline state is at 3.68 THz. The
origin of the modification of the phonon mode in GST-SL
can be attributed to the displacement of Ge atoms be-
tween tetrahedral-like (disordered state) and octahedral-
-like coordination (crystalline state). The phase change
can thus be distinguished by the direct observation of the
phonon frequency.

2. Experimental

Figure 1 illustrates the schematic view of our experi-
mental setup. In our crystallization model based on ear-
lier experimental and theoretical results [7, 10, 11], a Ge
atom coordinated by four Te atoms is displaced to a va-
cancy site leading to the formation of three bonds at the
vacancy side and the breaking of one bond on the oppo-
site side. In that sense, irradiation of GST-SL with an
optical pulse linearly polarized along the [111] direction
would selectively excite a weaker bond [8], because the
weaker bond in GST-SL is aligned along the [111] direc-
tion. In our sample, the [111] direction corresponds to
the sample normal and p-polarized light can excite the
weaker bond preferentially.

The sample investigated was [GeTe/ShaoTes]a consists
of alternatively deposited 5 nm thick GeTe sublayers and
5 nm thick SboTes sublayers, which has been described
in detail elsewhere [10]. Time-resolved pump—probe re-
flectivity measurements were performed utilizing a near-
-infrared optical pulse with 20 fs duration with a wave-
length of 850 nm generated by a Ti:sapphire laser os-
cillator. The linearly polarized pump and probe pulses
were focused onto the sample surface by a 50 mm focal
length focusing mirror. The pump fluence at the sam-
ple surface was 50 puJ/cm?. Coherent local vibrations
were generated by the pump pulse over a range of in-
cident and polarization angles. The transient reflectiv-
ity change measured by the probe pulse (AR/R) was
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Fig. 1. Schematic view of selective bond excitation
using a linearly-polarized pulse. A linearly polarized
pump pulse with a polarization angle between pure s-
-polarization and p-polarization introduces local vibra-
tional motion of GeTe4 subunits. The polarization angle
of the pump pulse (0p.) was varied 180° and the change
in reflectivity was recorded as a function of pump—probe
time delay by photodiode (PD). The incident angles of
the pump (01e) and probe pulses (f1q) were ~ 35° and
~ 30° from the surface normal, respectively.

recorded as a function of pump-probe time delay () at
room temperature. Pump power was much lower than
the threshold for thermal crystallization and the increase
in temperature was negligible. The polarization angle of
pump pulse (fp.) was varied between 0° (s-polarization)
to 180° (s-polarization) via 90° (p-polarization), while
that of probe pulse (fpq) was fixed at 90°.

3. Results and discussions

Figure 2 shows the transient reflectivity change
(AR/R) for three different fp. as a function of 7 for a
GST-SL. At 7 = 0, coherent local vibrations appear su-
perimposed on the electronic response due to the genera-
tion of photoexcited carriers. Figure 2b shows the Fourier
transformed (FT) spectra obtained from Fig. 2a, in which
mainly the local A; mode of GeTey is observed [20]. The
frequency of the local A; mode of GeTey is slightly higher
than the previously reported values (3.84 THz), which
can be reasonably accounted for by the difference of the
incident angle of the pump pulses because phonon fre-
quency is a function of wave vector. By increasing 6p,
from 0° to 90°, a red-shift of the A; mode of GeTey as
well as enhancement of the intensity was observed.

Figure 3 shows the pump polarization angle depen-
dence of the FT intensity and the frequency of the co-
herent local A; mode of GeTe,. It is found that as Op. ap-
proaches 90°, an increase in FT intensity and a decrease
in phonon frequency were clearly observed. These results
would suggest that excitation with a p-polarization pulse
enables not only enhancement of the oscillation ampli-
tude of the local GeTey mode, but also affects the rear-
rangement of Ge atoms from tetrahedral-like GeTey co-
ordination toward octahedral-like GeTeg coordination.

In order to gain a deeper understanding of the po-
larization dependence on the local A; mode of GeTey,
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Fig. 2. (a) Time-resolved AR/R signals measured
with 6pe = 0°,50°,90°. (b) FT spectra obtained
from (a). 6pe = 0° corresponds to s-polarization,

Ope = 90° corresponds to p-polarization. Opq was fixed
at 90° (p-polarized). Dashed line indicates the cen-
ter frequency (3.88 THz) of the peak measured with
Ope = 0°.
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Fig. 3. Polarization dependence of (a) the FT intensity

and (b) the frequency of the coherent local A1 mode of
GeTes measured with 0 £ p. < 180° and Opg = 90°.

the generation mechanism of the coherent local vibration
should be considered. Under the aforementioned experi-
mental conditions, the coherent local mode would be ex-
pected to be induced by resonant impulsive stimulated
Raman scattering (ISRS) [21]. A plausible scenario for
the polarization dependence of A; mode of GeTey is as
follows. The p-polarized pulse excitation would gener-
ate anisotropic carrier distribution along the [111] axis,
in which Ge-Te bonds are aligned, then the s-polarized
pulse excitation. Then, due to the anisotropic carrier—
phonon coupling along Ge-Te line, Ge atoms displace
from tetrahedral site into octahedral site as a precursor
of the phase change, which is observed as the phonon
softening. This displacement thought to be introduced
within 100 fs which was confirmed by a wavelet analysis
(not shown).

The hypothesis about the bond-selective excitation in
GST-SL can be also supported by the following compar-
ison with the observed pump fluence dependence. When
we increased the pump fluence, only a ~ 0.04 THz red-
-shift in the frequency of the local GeTey mode was ob-

served, together with a eighteenfold increase in the FT in-
tensity of the GeTey in a range of 47-284 pJ /cm? [7]. On
the other hand, in the present study, the bond-selective
excitation process is found to yield the same amount
of frequency shift (= 0.04 THz; see Fig. 3b) with a
much smaller enhancement of the FT intensity (twofold).
The comparison described above clearly demonstrates
that bond-selective excitation with p-polarized light is
more effective for phase-change modification via the lo-
cal GeTey vibration.

4. Conclusion

We have demonstrated bond-selective excitation in
GST-SL. Ultrafast CPS has been carried out with var-
ious pump—pulse polarization. When the polarization
of pump pulse was purely p-polarization, not only an
increase in the phonon intensity but also the decrease
in the phonon frequency were observed, over the suffi-
ciently lower pump fluence range. The result implies the
displacement of Ge atoms (and surrounding Sb and Te
atoms) along [111] direction due to the anisotropic selec-
tive excitation of the weaker bond with the p-polarized
pulse.
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