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Abstract

KSbsSg and its solid solution analogs with Rb and Tl were found to exhibit a reversible and tunable glass — crystal — glass phase
transition. Selected members of this series were analyzed by differential scanning calorimetry to measure the effect of the substitution on
the thermal properties. The solid solutions K;_,Rb,SbsSg exhibited clear deviations in melting and crystallization behavior and
temperatures from the parent structure. The crystallization process of the glassy KSbsSg as a function of temperature could clearly be
followed with Raman spectroscopy. The thermal conductivity of both glassy and crystalline KSbsSg at room temperature is ~0.40 W/
m K, among the lowest known values for any dense solid-state material. Electronic band structure calculations carried out on KSbsSg
and TISbsSg show the presence of large indirect band-gaps and confirm the coexistence of covalent Sb-S bonding and predominantly
ionic K(Tl)---S bonding. Pair distribution function analyses based on total X-ray scattering data on both crystalline and glassy
K;_Rb,SbsSg showed that the basic structure-defining unit is the same and it involves a distorted polyhedron of “SbS;” fragment of
~7 A diameter. The similarity of local structure between the glassy and crystalline phases accounts for the facile crystallization rate in this

system.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Phase-change materials are gaining increasing interest
because of their use in the data storage media crucial to the
information technology industry [1,2]. These materials
exhibit reversible glass-to-crystal phase transitions and
can be used in applications as diverse as non-volatile
memory [3], digital video disks [4], polarized holograms [5],
opto-mechanical actuators [6] and infrared optical wave-
guides [7]. There are two major classes of phase-change
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materials: stoichiometric and non-stoichiometric. Stoichio-
metric phase-change materials, such as the industry
standard Ge,Sb,Tes [8], consist of a single crystallogra-
phically distinct structure, which is recovered in pure form
upon recrystallization. Non-stoichiometric glasses tend to
crystallize into a mixture of two or more structures. An
example of this is the (Li>S)(Sb,>S3);_\, x = 0-0.17 system,
which crystallizes into a mixture of «-LiSbS, and Sb,S; [9].
Stoichiometric materials are preferable due to faster
crystallization rates, better cyclability and long lifetimes.
The compound KSbsSg is isostructural to TISbsSg, the
mineral parapierrotite, and is a phase-change material with
a rapid and reversible glass-to-crystal transition [10]. The
crystalline phase melts at 441 °C and can be quenched to a
glass. Upon subsequent heating, there is a glass transition
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at 223 °C followed by a rapid crystallization at 287 °C. Its
structure is made of undulating [SbsSg]™ layers with K™
ions seated in between the layers. The layers, however,
interact strongly with one another forming essentially a
three-dimensional [SbsSg]™ network, Fig. 1(a) [11]. This
system is an interesting study case because it presents an
intimate combination of covalent bonding (i.e. Sb-S
bonds) and ionic K-S bonding, both of which can influence
the phase-change behavior. Understanding glass crystal-
lization in pure phases and the relationship of structure and
bonding to the rates of phase change will lead to a better
design of phase-change materials for specific applications.
Almost all materials that have been studied so far possess
exclusively covalent bond frameworks. KSbsSg is a
semiconductor with a band gap of 1.82¢V for the crystal-
line phase and 1.67¢eV for the glass. The activation energy
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Fig. 1. (a) Structure of KSbsSg viewed down the [101] direction. (b)
Powder X-ray diffraction patterns of as-synthesized glasses of
K. Rb;_,SbsSg (i-iii, x = 0.25, 0.5, 0.75, respectively) and TISbsSg (iv),
showing their amorphous nature.

of crystallization for KSbsSg is ~167+3kJ/mol and the
rate constant for the peak temperature was found to be
comparable to that of Ge,Sb,Tes [12]. The crystallization
process appears to proceed via a bulk multi-step crystal-
lization mechanism, where the nucleation rate increases
with time [13].

To further understand the KSbsSg system, we investi-
gated the isostructural solid solutions of the type
K,_,Rb,SbsSg. By partially substituting K for Rb, the
properties can be subtly altered while preserving the
structure and the phase-change capacity. For example,
the same structure forms with K™, Rb™, and T1™ and thus
it is possible to prepare solid solutions of the type
K;_,Rb,SbsSg and K;_,T1,SbsSg [11]. These represent
small but significant perturbations on the parent phase that
could allow a better assessment of how changes in ionic
bonding affect the phase change and other properties of
KSbsSg. Such studies could lead to a deeper understanding
of the relationship of ionic vs. covalent bonding and
crystallization kinetics in phase-change materials.

Here, we report on the evolution of physical, thermal,
and phase-change properties of a representative set of
K;_Rb,SbsSg solid solutions. The Tl analog showed
marked differences in chemical phase change behavior vis-
a-vis KSbsSg. Using bulk samples we also performed
Raman and optical spectroscopic studies recorded during a
phase-change event. We discuss structure—property rela-
tionships through local structure studies using pair
distribution function analysis (PDF), electronic structure,
and bonding analysis using density functional theory
(DFT) band structure calculations. In addition, we report
thermal conductivity measurements for both forms of
KSbsSg. Generally, the thermal conductivity of phase-
change switching materials needs to be low to avoid cross
talk during read/write events and in the case of
K,_,Rb,SbsSg we show that it is one of the lowest values
known for dense solid-state materials.

2. Experimental section
2.1. Reagents

K>S and Rb,S were prepared by the reaction of a
stoichiometric mixture of potassium or rubidium metal and
sulfur in liquid ammonia at —78 °C until no trace of the
metal was left (approx. 12h). The ammonia was then
allowed to evaporate and the resulting pale yellow powder
was dried under vacuum for 24 h.

Sb,S; was prepared by reacting a stoichiometric mixture
of Sb and S powders in an evacuated silica tube at 750 °C
for 24 h, then quenched in air to room temperature.

K;_,Rb,SbsSg solid solutions were prepared by a
stoichiometric combination of potassium sulfide, rubidium
sulfide, and antimony sulfide, where the potassium sulfide
to rubidium sulfide ratio was allowed to vary. A mixture of
K>S (I1—xmmol, 0<x<1), Rb,S (xmmol), and 1.698 g
Sb,S;3 (5.00 mmol) was loaded in a silica tube under a dry
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nitrogen atmosphere in a Vacuum Atmospheres Dri-Lab
glovebox and flame-sealed under reduced pressure
(<10~*mbar). The mixture was heated in a flame until a
homogeneous, orange melt was achieved, which was then
quenched in air to form a silver, glassy ingot. The yield was
quantitative. Crystalline K;_,Rb,SbsSg was formed by
annealing the glassy ingot above the crystallization point,
which ranged from 278 to 314 °C depending on composi-
tion.

Glassy TISbsSg was prepared by the reaction of a
stoichiometric combination of Tl metal, Sb,Ss3, and sulfur
powder. The reactants were loaded into in a silica tube
under a dry nitrogen atmosphere in a Vacuum Atmo-
spheres Dri-Lab glovebox and flame-sealed under reduced
pressure (<10 *mbar). The mixture was heated in a
furnace at 800°C for 1d, then quickly removed and
quenched in ice water to afford the TISbsSg glass.

2.2. Electron microscopy

Quantitative microprobe analyses of the compounds
were performed with a JEOL JSM-35C scanning electron
microscope (SEM) equipped with a Tracor Northern
energy-dispersive spectroscopy (EDS) detector. Data
were acquired using an accelerating voltage of 25kV and
a l-min acquisition time.

2.3. Powder X-ray diffraction

The samples were examined by X-ray powder diffraction
for identification and to assess phase purity. Powder
patterns were obtained using a CPS 120 INEL X-ray
powder diffractometer with Ni-filtered Cu Ko radiation
operating at 40kV and 20mA and equipped with a
position-sensitive detector. The purity of phases was
confirmed by comparison of the X-ray powder diffraction
patterns to ones calculated from single crystal data using
the NIST Visualize 1.0.1.2 software.

2.4. Synchrotron radiation diffraction experiments

Synchrotron radiation scattering experiments were
carried out at the beamline 11-ID-C at the Advanced
Photon Source at Argonne National Laboratory using
X-rays of energy 115.68keV (4= 0.10721&). The higher
energy X-rays were used to obtain diffraction data to
higher values of the wave vector, Q, which is important for
the success of atomic PDF analysis. The measurements
were carried out in symmetric transmission geometry and
scattered radiation was collected with an intrinsic germa-
nium detector connected to a multi-channel analyzer.

2.5. Thermal analysis
Differential thermal analysis (DTA) was performed with

a computer-controlled Shimadzu DTA-50 thermal analy-
zer. The crushed powders (~25mg total mass) were sealed

in silica ampoules under reduced pressure (< 10~*mbar).
A silica ampoule of equal mass was sealed and placed on
the reference side of the detector. The samples were heated
to 850°C at a rate of 10°C/min where they were
isothermed for 5min followed by cooling at 10 °C/min to
room temperature.

The differential scanning calorimetric (DSC) measure-
ments were carried out with a Setaram DSC141 calori-
meter. Temperature and energy calibrations of the
instrument were performed, for different heating rates,
using the well-known melting temperatures and melting
enthalpies of high-purity zinc and indium supplied with the
instrument. Bulk-shaped specimens weighing about 7mg
were crimped in aluminum crucibles; an empty aluminum
crucible was used as reference. A constant flow of nitrogen
was maintained to provide a constant thermal blanket
within the DSC cell, thus eliminating thermal gradients and
ensuring the validity of the applied calibration standard
from sample to sample. In the DSC measurements, the
heating rate was 10 °C/min.

2.6. Raman scattering

Raman spectra were measured on a Jobin-Yvon
LABRAM 28 spectrometer equipped with a LINKAM
high-temperature cell. To eliminate artifacts from oxidative
sample decomposition, all the experiments were repeated
with the samples sealed in silica ampules. A solid-state
diode laser was used for all measurements, generating
10mW power at an excitation wavelength of 785nm.
Scattered radiation was collected with a CCD. For each
run, two scans were accumulated at a scanning time of 60,
generating a spectrum with a resolution of 0.7cm™'.
Raman spectra were also obtained with a Holoprobe
Raman spectrograph equipped with a CCD camera
detector using 633 nm radiation from a HeNe laser for

excitation and a resolution of 1cm™".

2.7. Thermal conductivity measurements

The thermal conductivity was determined with a long-
itudinal steady-state method over the temperature range
4-300 K. In this case, samples were attached (using either a
low melting point solder or silver-loaded epoxy) to the cold
tip of the cryostat, while the other end of the sample was
provided with a small strain gauge resistor (thin film),
which serves as a heater. Temperature difference across the
sample was measured using differential chromel-constan-
tan thermocouple. Both crystalline and glassy KSbsSg
materials were measured. The polycrystalline samples were
cylindrical in shape with diameter 4 mm and length about
5mm. Radiation loss is an unavoidable error in all thermal
conductivity measurements made using a longitudinal
steady-state technique manifested in deviations from the
true value that increase with temperature above about
200 K. In order to determine the radiation loss experimen-
tally, we made a subsequent measurement with the sample
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detached from the heat sink (sample hangs by thin
connecting wires). We determined the amount of heat
needed to supply to the heater that raises the temperature
of the entire sample to the same average temperature as
during the actual measurement of the thermal conductivity.
The values of the thermal conductivity were then corrected
for this radiation loss.

2.8. Electronic structure calculations

Electronic structure calculations were performed using
the self-consistent full-potential linearized augmented
plane wave (LAPW) method [14] within DFT [15], using
the generalized gradient approximation (GGA) of Perdew
et al. [16] for the exchange and correlation potential.
Convergence of the self-consistent iterations was per-
formed for 20 k points inside the irreducible Brillouin zone
to within 0.0001 Ry with a cutoff of —6.0 Ry between the
valence and the core states. Scalar relativistic corrections
were included and a spin—orbit interaction was incorpo-
rated using a second variational procedure [17]. The
calculations were performed using WIEN2K program [18].

3. Results and discussion
3.1. Phase-change behavior

Solid solutions of the form K;_,Rb,SbsSg were synthe-
sized with x =0, 0.25, 0.5 and 0.75 by quenching the
corresponding melts in air or water. They were obtained as
shiny, gray metallic-like glasses, which are red-purple in
fine powdered form and are amorphous by powder X-ray
diffraction (Fig. 1(b)). The crystalline phases exhibit the
same color difference between bulk and powder, though
the crystalline form is a dull, silvery ingot rather than
mirror-like. Powder X-ray diffraction of these samples
obtained after annealing above the crystallization tempera-
ture showed them to be isostructural to the parent KSbsSg
[19]. The increasing incorporation of the larger Rb atom in
K;_,Rb,SbsSg is confirmed by the shift of the (200)
reflection in the X-ray diffraction pattern from 9.03° to
8.60° in 20 (Fig. 2).

The effect of this substitution on the thermal properties
of the materials was measured with DTA and DSC
experiments. We observe systematic evolution of the
crystallization as a function of temperature, and in some
cases incongruent melting as indicated by the two melting
endotherms. The thermograms of the four different
samples with x = 0, 0.25, 0.50 and 0.75 are presented in
Fig. 3 where the glass transition (7}), the crystallization
peak (7)) and the melting point (7y,), considered as the
onset of melting peak, temperatures are shown. There is a
pronounced differentiation in phase-change behavior as
the Rb fraction increases in the compound. As shown by
the sharp exothermic crystallization peaks in the range
280-310 °C, each of these glasses is a phase-change material
with a well-defined crystallization process.
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Fig. 2. X-ray diffraction patterns of: (a) Kg,5Rbg75SbsSg glass, as-
synthesized. (b) Kg,5Rbg75SbsSg after annealing for 2h at 300°C. (c)
KSbsSg calculated from crystal structure (monoclinic Pn; a = 8.1374 A;
b=19.5013 A; ¢ = 9.0620 A) [11]. The difference in low-angle peak ((020)
reflection) between the pure K structure and the 75% Rb structure is
0.402° in 20.

The melting point decreases with Rb enrichment (Fig. 4),
which is most probably due to the larger size of Rb™ as
compared to K™ (1.60A vs. 1.51 10\) giving rise to longer
and weaker Rb---S bonds thereby softening the lattice.
This follows the general trend in alkali metal chalcogenides
of a decrease in melting point with increasing alkali metal
size [20]. This trend is followed until x = 0.50 (eutectic
point) and then it reverses as we move towards pure
RbSbsSg. A similar trend is observed in the crystallization
peaks. The increase of x (Rb content) up to 0.25 results in
quite a small shift of the crystallization peak to lower
temperatures, and then for x>0.25 is observed a shift to
higher temperatures, indicating a minimum value at about
x = 0.25. The shifts in crystallization temperature could be
attributed to a destabilization of the glass up to a minimum
between x =0.25 and 0.50 (melting point temperature
trend), and then a “locking in” of the structure nearing
total K occupancy leading to the increase in the crystal-
lization temperature.

The compounds TISbsSg and RbSbsSg were not exam-
ined in-depth because of their propensity to phase separate
when undergoing transitions, both in melting and crystal-
lization. The glass formed by melting a stoichiometric
mixture of Rb,S and Sb,S; and quenching it in water was
found to recrystallize incongruently at 311 and 391 °C,
respectively, before melting at 421 °C (Fig. 5(a)). Annealing
the Rb-containing glass at 320 °C showed crystallization to
RbSbsSg, RbSbHS,, and Sb,S;, as determined with X-ray
diffraction.

The initial glass of TISbsSg crystallizes at 294 °C and
melts rather congruently at 417°C (Fig. 5(b) and 5(c)).
Upon cooling, however, a mixture of the crystalline phases
TISbS,, Sb,S;, and TISbsSgy were identified. This is
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Fig. 3. (a) DSC thermograms of K;_Rb,SbsSg amorphous alloys with heating rate 10 °C/min. (a) x = 0.0, (b) x = 0.25, (c) x = 0.5, and (d) x = 0.75. The
glass transition (7,) was determined by the intersection of the curve and the half-way line between the two base lines.
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Fig. 4. Dependence of the glass transition (7}), crystallization peak (77,)
and the onset of melting point (7,,) on the Rb content (x).

consistent with the phase diagram of the TI,S/Sb,S;
reported previously [21].

3.2. Glass-forming ability (GFA)

GFA as related to the ease of devitrification is a crucial
property for understanding the origins of glass formation
and also important for designing and developing new bulk
glasses [22]. In K;_,Rb,SbsSg, following the initial heating
treatment, the samples were cooled from 500 °C to RT at
rates 10 and 25°C/min. It was observed that the parent

KSbsSg phase (x = 0) crystallizes completely upon slow
cooling (10 or 25°C/min) from 500°C, whereas for
x=0.25 and 0.50 the compound crystallizes partially
under these conditions and complete vitrification was
observed for x =0.75. Thus, the incorporation of Rb
tends to enhance GFA.

The GFA of a melt is evaluated in terms of critical
cooling rate (R,) for glass formation, which is the minimum
cooling rate necessary to keep the melt amorphous without
precipitation of crystals during solidification. The smaller
the R., the higher the GFA of a system; however, R, is a
parameter that is difficult to measure precisely. As a result,
many criteria have been proposed to reflect the relative
GFA on the basis of the characteristic temperatures
measured by DTA [23]. The most extensively used criteria
are the reduced glass transition temperature 7, (glass
transition temperature T, over liquidus temperature 7 or
melting temperature 7;,) and the supercooled liquid region
AT,, (the temperature difference between the onset crystal-
lization temperature 7', and the glass transition tempera-
ture T,). Generally, the larger the temperature interval
AT,, the higher the GFA. Another parameter Ky
suggested by Hruby [24] is also used as a measure of the
glass-forming tendency of materials:

Kgl = (Tx - Tg)/(Tm - Tx) (1)

or K’y where T instead of Ty, is used [25]. According to
Hruby, the higher the value of Ky in a glass, the higher is
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Fig. 5. DSC thermograms with heating rate 10 °C/min: (a) RbSbsSg, (b)
TISbsSg first heating, and (c) TISbsSg second heating.

its stability against crystallization on heating and, pre-
sumably the higher its vitrifiability on cooling.

In Table 1, we present the values of all the characteristic
parameters (Tyy, ATye, Kg, K'g) for the K,_Rb,SbsSg
system. All the calculated parameters increase with the
decrease in the K* ion fraction, indicating that glass
stability and GFA increase with an increase in x. This

Table 1

Dependence on the reduced glass transition temperature T4, the super-
cooled liquid region AT,, and Hruby parameters K, and K’y from Rb
content for K;_,Rb,SbsS¢*

Kl—xbeSbSSS X(Rb) Trg ATxg (K) Kgl K/gl
0.00 0.68 52.7 0.31 0.29
0.25 0.69 58.5 0.48 0.37
0.50 0.71 65.9 0.58 0.48
0.75 0.72 69.9 0.61 0.56

?At a heating rate of 10 °C/min.

stabilization means that the melt need not be cooled as
quickly to afford the glass and implies a much higher
energy barrier of atomic realignment towards the crystal
resulting in a slower crystallization speed. This effect is
believed to be caused by the greater polarizability and
larger size of the Rb atom as compared to K, which results
in lower mobility in the lattice and slows down the
conversion process to the ordered crystalline phase.
Furthermore, the longer Rb---S bonds and increased
structural disorder of the solid solution result in a
decreased absolute lattice energy compared to the pristine
KSbsSg. This diminishes the thermodynamic driving force
to transform from the higher energy glass state to the lower
lying crystalline state.

3.3. Local structure: crystal versus glass

The structures of crystalline and glassy KSbsSg and
several K;_,Rb,SbsSg compositions were probed with X-
ray scattering using PDF analysis [26]. Deeper structural
clues were sought as to the nature of glass vis-a-vis crystal
by investigating similarities and differences in the structure
of both forms at the atomic level. The atomic PDF
technique has emerged recently as a powerful tool for the
characterization and structure refinement of materials with
intrinsic disorder. The utility of the technique stems from
the fact that it takes into account the total diffraction, that
is Bragg as well as diffuse scattering, and so it can be
applied to both crystalline [27] and amorphous materials
[28]. Therefore, the technique is both a local and an
extended structure probe and thus a powerful tool that can
be used to identify differences in structural features
between the crystalline and glassy versions of these
materials [29].

The PDF, G(r), is obtained from the experimentally
determined total-scattering structure function, S(Q), by a
sine Fourier transform

6() == [ 0I5(0) ~ Nsin(@n dQ

= 4nr{p(r) — pol,

where r is the distance between two atoms and Q the
magnitude of the scattering vector, and S(Q) is the
corrected and properly normalized powder diffraction
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pattern of the material (also called the structure function).
p(r) and po are the local and average atomic number
densities, respectively, and r is the radial distance.
Experimental structure functions S(Q) for crystalline and
glassy KSbsSg are shown in Fig. 6 on an absolute scale. The
structure of crystalline KSbsSg was analyzed and refined
based on the PDF data to obtain a basis for the structural
comparisons of the glass forms and the results were in
excellent agreement with those of the single crystal
refinement [11]. In the glass, the Bragg peaks are lacking
and only diffuse scattering is observed; however, the

0.60 F T T T T T T T T T
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Fig. 6. Experimental structure functions of crystalline and glassy KSbsSg.
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scattering profile tracks closely the profile of the crystalline
form. Beyond 8A~!, both scattering patterns merge into a
slowly oscillating diffuse component.

The experimental PDFs for both forms of KSbsSg are
shown in Fig. 7(a) and (b), respectively. They were
obtained from the synchrotron radiation diffraction data
following the usual data reduction procedures described
previously [27]. As can be seen in Fig. 7 the experimental
PDFs peak at characteristic distances separating pairs of
atoms and thus reflect the local atomic-scale structure. In
the crystalline phase, these molecular units are arranged
into a 3D periodic structure and the corresponding
experimental PDF oscillates out to high interatomic
vectors (see Fig. 7(a)). In particular, the first peak in both
PDFs is located between 2.4 and 2.8 A reflecting the Sb-S
bonds in the sample. As determined from the crystal
structure of KSbsSg, there are several SbSg and SbS,
coordination polyhedra with a spread of Sb-S bond
lengths. One typical such fragment is shown in Fig. 7(d).
The second and third PDF peaks occur at approximately 4
and 6A and reflect mostly the nearest Sb—Sb and S-S
atomic neighbor distances and possibly some longer Sb—S
distances. The three PDF peaks, which occur within the
first 7A, correspond to a well-defined and compact
structural fragment of “SbS;” shown in Fig. 7(d). The
calculated PDF of the molecular “SbS;” fragment is shown
for comparison in Fig. 7(c). It is clear that the three
correlation peaks due to Sb—S bond and S-S second
neighbor distances are very similar to those observed
experimentally (Fig. 7(a) and (b)). The PDFs of the
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K;_,.Rb,SbsSg members (not shown) were similar to that
of the parent compound suggesting they possess the same
local structure.

In the glass, the experimental PDF is seen to decay to zero
at ~15A. Obviously, its structural coherence length is much
shorter than that observed in the crystal. This coherence
length, however, is much longer than those of more
conventional glasses such as SiO, and underscores a much
more organized and well-defined local structure in the
amorphous [SbsSg]” framework. Based on the strong
similarity of the G(r) of the two forms up to 7A, see Fig.
7(a) and (b), we surmise that this structural fragment is
essentially invariant in both the glass and the crystal. The
glass structure consists essentially of the same rigid SbS,
fragments as the crystalline KSbsSg structure except that
they are connected in a disordered fashion. If the basic
building units that define the structure of KSbsSg are intact
in the glass, only a small reorganization would be required
to regain the periodic crystalline state. This is consistent with
the rapid and facile crystallization processes in this system.

3.4. Electronic absorption and Raman spectroscopy

The effect of the substitution of Rb™ into the structure
on the electronic properties was probed with optical
reflectance spectroscopy in the glasses (Fig. 8). Each glass
member showed a band gap E,~1.50eV, which is slightly
lower than that of the parent KSbsSg glass of 1.67¢V.
There was no significant variation in the experimentally
measured band gaps of the solid solutions as a function of
x which may be due to the competing effects of the larger,
more polarizable nature of the Rb" ion, which should
decrease the band gap, and the increased ionicity of the
more electropositive Rb™ ion, which should increase it.
This is consistent with the bonding insights obtained by the

Absorption

1 1 1
1 2 3 4
Energy, eV

Fig. 8. Solid state UV-vis reflectance spectrum of Kg75Rbg25SbsSg
converted to absorption via the Kubelka—Munk procedure. The spectra
for Ko 5Rbg 5sSbsSg, and Kg»5Rbg 75SbsSg glasses are similar. The energy
gaps are 1.50, 1.47, and 1.51 eV, respectively.
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Fig. 9. Raman scattering data on crystalline and glassy KSbsSg at room
temperature.
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Fig. 10. Raman scattering data of glassy KSbsSg at various temperatures
along the heating curve. The crystallization event is shown by the rapid
sharpening of peaks between 240 and 310 °C.

electronic band structure calculations on KSbsSg presented
below.

Fig. 9 compares the Raman spectra of glassy and
crystalline KSbsSg measured at room temperature. While
the crystalline material shows five well-defined peaks
between 280 and 345c¢cm™', which can be attributed to
vibrations involving the [SbsSg]'~ framework, the spectrum
observed in the glass is extremely broad, suggesting a wide
distribution of bond angles. Nevertheless, the centers of
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gravity of both spectra roughly coincide, supporting the
close structural resemblance of both phases inferred from
the PDF study discussed above. The amorphous KSbsSg
phase at room temperature shows Raman shifts on top of a
broad feature centered at ~100-150cm ™" and a character-
istic broad peak in the 250-350cm ™! range. Essentially
identical room temperature spectra were observed for the
mixed-alkali K;_ Rb,SbsSg glasses, further supporting the
interpretation that all of these spectral features can be
attributed to vibrations involving only the framework
atoms of antimony and sulfur.

To obtain further insight into the local structure of the
glass and the phase-change process, we conducted tem-
perature-dependent Raman scattering experiments in an
attempt to observe the crystallization process in situ. The
Raman spectra as a function of temperature of a KSbsSg
glass sample are shown in Fig. 10. As long as the
temperature remained below the glass transition tempera-
ture of 220 °C, no significant changes were observed in the
Raman spectra of the glass. Above T, well-defined
features are observable, which are successively developed
above 240 °C. The new features include intense peaks at 81
and 150cm™!, as well as features near 230 and 305cm™!
with a shoulder near 330cm™'. When the temperature
exceeded the compound’s melting point, this spectrum
disappeared giving rise to a similar one observed for the
glass at room temperature.

While the nucleation of crystals above 7}, is easily
detected in the Raman spectra, the comparison of the
spectra above 240°C (Fig. 10) with that of the fully

310

300 °C

200 °C

T T T T T T T T T T T
0 100 200 300 400 500
cm’
Fig. 11. Raman scattering data of KSbsSg cooled from the molten state.
Crystallization is evidenced by the sharpened features near 338, 321, 310,
298, and 280cm™".

crystallized material (Fig. 9(a)) reveals that the sharpening
of these Raman peaks is only gradual. That the Raman
peaks do not entirely sharpen in this temperature region
indicates that the nucleated material is still strongly
disordered above T, and extra energy is needed to fully
crystallize and “lock” the atoms into their crystallographic
coordinates. DTA studies conducted on KSbsSg during
melt cooling reveal no crystallization exotherms, suggesting
the formation of glassy material under these conditions
[10]. Nevertheless, Raman spectra obtained during melt
cooling (Fig. 11) reveal the same features as those obtained
above T, during the heating cycle, indicating that small
crystalline nuclei have formed under these (relatively slow)
cooling conditions. This is most clearly seen by the
appearance of peaks near 338, 321, 310, 298, and
280cm ™" (reflecting peak positions observed in crystalline
KSbsSg) which become increasingly well-defined with
decreasing temperature. The sizes of the nuclei generally
depend on the cooling rate and in the case of the Raman
experiments the cooling rate was considerably slower that
those used in the DTA experiments (10°/min).

3.5. Thermal conductivity

In phase-change materials, besides optical response, the
thermal behavior is important for reasons involving
heating, quenching and switching speeds, cyclability and
suppression of thermal cross talk [30]. A low thermal
conductivity is necessary to ensure fast, localized heating
over a minimum area. Optimization for thermal perfor-
mance requires accurate knowledge of the thermal con-
ductivity of both glass and crystalline states and it is
therefore imperative to have an accurate estimation of the
thermal transport properties of these materials. The
thermal conductivity of bulk crystalline and glassy KSbsSg
was measured with a steady-state technique over the
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Fig. 12. Temperature dependence of thermal conductivity of the crystal-
line and glassy KSbsSg (4-300K).
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temperature range of 4-300K (Fig. 12). Because both
forms of KSbsSg have a very low electrical conductivity
(e.g. <1073S/cm) the data shown essentially represent the
lattice thermal conductivity.

The thermal conductivity of crystalline KSbsSg exhibits
the expected Umklapp peak at low temperatures (about
8 K) and is characteristic of crystalline materials [31]. It is
caused by the competition between the phonon-boundary
scattering and Umklapp phonon—phonon interactions. On
the other hand, glassy KSbsSg shows no such peak at low
temperatures, which is a typical behavior for amorphous
materials and presents significantly lower values as
expected due to the structural disorder [32].

At higher temperatures, the thermal conductivity for
both samples is similar regarding both magnitude and
trend. The thermal conductivity of crystalline KSbsSg at
room temperature is an amazingly low 0.4 W/m K. This
value in fact represents an upper bound in this family of
materials as we expect the solid solutions K;_,Rb,SbsSg to
be even less thermally conducting.

The thermal conductivity of KSbsSg is lower than that of
Ge,Sb,Tes, which is 0.55W/mK [33]. This may appear
surprising since KSbsSg consists of lighter elements than
Ge,Sbh,Tes and is generally expected to have higher lattice
thermal conductivity [34]. The lower values in the sulfide
compound can be attributed to the characteristically lower
crystal symmetry, the relatively large unit cell, and the
presence of weakly bound K atoms (i.e. K:--S ionic
bonding). All these are absent in Ge,Sb,Tes. This finding
implies that in certain cases KSbsSg may have an
advantage over Ge,Sb,Tes in sustaining smaller spot sizes,
and higher packing densities without thermal cross talk.

4. Electronic structure calculations
Electronic structure calculations were performed for

KSbsSg and TISbsSg in order to investigate the effect of the
K and Tl atoms on the electronic properties of the [SbsSg]™
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framework. The band structure results show that both
systems are indirect band gap semiconductors with similar
band gap sizes and assess the extent of ionic bonding. The
gap in KSbsSg is 1.55eV, whereas TISbsSg has a slightly
lower value of 1.50eV, see Fig. 13. This suggests that the
covalent interaction of Tl atoms with the [SbsSg]™ frame-
work is slightly stronger than that of K atoms.

Density of states (DOS) analysis shows that the valence
bands for both the systems consist mostly of sulfur p
orbitals, which hybridize with the Sb p and s orbitals
(Fig. 14(c)—(f)). In KSbsSg, the conduction band states
lying below 5eV consist mostly of hybridized Sb p and S p
orbitals and the K s orbitals are located well above 5eV
(Fig. 14(c) and (e)), consistent with primarily ionic K---S
interactions. On the other hand, the conduction band
below 5eV of TISbsSg consists of Sb p, S p, and Tl p
hybridized orbitals. This shows that the covalent interac-
tion between Tl and Sb-S framework is more significant
than the K---S interaction (Fig. 14(d) and (f)) [35].

In order to quantitatively describe the covalent interac-
tions between the K and Tl atoms with the Sb-S frame-
work, we performed crystal orbital Hamilton population
(COHP) analysis, which is a bond-detecting tool for solids
and molecules. COHP partitions the band structure energy
(in terms of the orbital pair contributions) into bonding,
non-bonding, and antibonding energy regions within a
specified energy range [36]. Positive values of —COHP
describe bonding energy regions whereas negative values
describe antibonding energy regions. The integrated values
of —-COHP (-ICOHP) up to the Fermi energy give the
energy contribution of the bonds to the total energy. Large
positive values for -ICOHP correspond to strong covalent
bonding interaction.

We have considered the bonding interactions of K and
T1 atoms with the nearest S atoms up to a distance of 3.4 A.
For the S6 and S13 atoms, which are two of the nearest to
K and Tl atoms, we have also considered the bonding
interactions up to 3.4 A. The value of the -ICOHP for the
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Fig. 13. Electronic band structure of (a) KSbsSg, and (b) TISbsSs.
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K interaction with the nearest nine S atoms is 0.56¢€V,
whereas the corresponding value for Tl is 1.57¢V. This
clearly shows a much stronger covalent interaction between
Tl and S atoms. The -ICOHP value of the S6 interaction
with its nearest four neighbors (Sb2, Sb3, 2 K) for KSbsSg
system is 5.07 eV, whereas the value of S6 interaction with
its nearest four neighbors (Sb2, Sb3, 2TIl) for TISbsSg is
5.2eV. The -ICOHP values of the S13 interaction with its
nearest five neighbors are 2.11 and 4.96 eV for the KSbsSg
and TISbsSg, respectively. This is also an indication of a
stronger covalent interaction of Tl atoms with the Sb-S
framework than that of K atoms.

5. Concluding remarks

The KSbsSg is a good example of a phase-change
material with a mixed ionic/covalent bonding. The K site in
the structure can be used to modulate the glass-forming
properties and crystallization rates of the system via
isomorphic substitution with Rb. In this work we

introduced perturbations on the ionic bonding i.e.
K(Rb)---S part which affects the phase change properties
of the system significantly. The members of the
K,_,Rb,SbsSg series exhibit phase-change properties with
greater GFA than KSbsSg. The GFA increases with
increasing Rb content. In this case, the random alloy
disorder in the alkali metal sublattice seems to predominate
over the increased degree of ionicity in going from K---S to
Rb---S bonding and works to stabilize the glass forms in
K;_Rb,Sb;sSg and slow the crystallization process com-
pared to pure KSbsSg. Tl ions also substitute for K but the
TI analog itself is not stable on melting and therefore its
phase change behavior is relatively complicated. Property
modification could not be accomplished with neither Sb
nor S site substitution in the structure of KSbsSg as these
sites do not lend themselves for similar substitutions with
e.g. Bi, Se, respectively. Band structure calculations on
KSbsSg and TISbsSg suggest a wide indirect energy gap
with the TI---S interactions being slightly stronger than
those of K---S.
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In-depth studies are needed in chalcogenide systems in
which the ionic/covalent bonding ratio can be varied. In
this regard, KSbsSg and related 4/Sb/Q (A = alkali metal,
Q =S, Se) phases could be excellent study cases. Of
particular interest would be to compare the behavior of K/
Sb/S systems to that of K/Sb/Se counterparts and such
studies are currently under way. The glass possesses
relatively long-range order (up to 7A) compared to most
known glasses. The glassy and the crystalline states share
large, well-defined local coordination polyhedral “SbS,”
fragments of an approximate length scale of ~7 A. This
represents a substantial degree of built-in pre-organization
in the amorphous form that sets the stage for facile
crystallization. Finally, the thermal conductivity of both
glass and crystalline KSbsSg is among the lowest known for
any dense inorganic solid-state material.
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