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A B S T R A C T   

Reversible phase-change is one of the most promising bases to store data for universal electronic memory. Rapid 
and energy efficient crystallization of Ag-In-Sb-Te, owing to miniscule atomic displacements, has dragged large 
interest. However, crystallization mechanism at atomic scale and role of element in Ag-In-Sb-Te remain incon
clusive. We studied evolution of chemical bonding on crystallization of Ag-In-Sb-Te, i.e., chemical bonding of 
element In dramatically changes on crystallization from Sb-bonds (In-Sb) to Te-bonds (In-Te). The local envi
ronments of In corresponding to In-Sb and In-Te bonds are characterized as InSb-like and AgInTe2-like site, 
respectively. Further, In largely modulates the degree of atomic ordering and activation energy for crystallization 
despite of low composition. The overall results suggest that crystallization of Ag-In-Sb-Te is deployed by the 
transition of local environment of In from InSb-like to AgInTe2-like site. It suggests role of Ag, In, and Te on 
crystallization, i.e., Ag provides structural flexibility for transition in local environment of In, In disrupts crys
tallization, and Te assists the other elements to play their respective roles. The present work on the unique 
crystallization mechanism of Ag-In-Sb-Te successfully accounts for the memory properties depending on 
composition and can be applied to development of future memory device.   

1. Introduction 

Reversible phase-change (crystallization and amorphization) on the 
subnanosecond scale is one of the most promising bases to store data for 
nonvolatile universal electronic memory, enabling neuromorphic 
hardware [1,2]. To develop optimized materials for such memory, role 
of each element in conventionally utilized materials, namely phase- 
change materials (PCMs), is required. For example, an umbrella flip 
model or defective octahedron model [3,4] (Ti-centered octahedron 
[5,6]), which clarified the role of each element in pseudobinary com
pound GeTe-Sb2Te3 (Ti0.32Sb2Te3), successfully inspired ones to develop 
GeTe-Sb2Te3 superlattice structure [7] (Sc0.2Sb2Te3 [8,9]) as an 
enhanced PCM. However, the role of each element in Ag-In-Sb-Te is still 
under debate although its memory properties are outstanding, especially 
rapid and energy efficient operation [10–12]. 

Various compositions of Ag-In-Sb-Te have been developed and uti
lized for optical storage technologies since Iwasaki et al. first reported on 
Ag11In11Sb55Te23 (denoted by the yellow circle in Fig. 1 a [13–16]) in 

1992. Remarkable researches on Ag-In-Sb-Te have been reported in the 
respect to fragility, diffusivity, growth velocity, and local structures 
[17–24]. Among them, role of each element in Ag-In-Sb-Te has been also 
proposed, i.e., in the case of Sb, experimental result that local structures 
of Sb in both amorphous and crystalline Ag3.5In3.8Sb75.0Te17.7 (denoted 
by the blue circle in Fig. 1 a) are distorted octahedrons with three short 
and three long bonds [10] suggests that crystallization occurs in the 
form of consecutive atomic arrangements driven by the interchange 
between short and long bonds of Sb, namely a bond-interchange model. 
The bond-interchange model successfully clarifies the role of Sb and 
compares it to an avalanche. 

On the other hand, Hiroko et al. and Zhu et al. successfully suggested 
roles of Ag and In in Ag5In5Sb60Te30 (denoted by the red circle in Fig. 1 a 
[23,25–28]); i.e., both Ag and In stabilize the amorphous phase, while In 
additionally promotes the crystallization speed [11,29]. However, these 
models can neither fully explain the mechanism leading to the bond- 
interchange of Sb (crystallization) at atomic scale nor can they illus
trate the several experimental results such as great dependence of 
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thermal stability on compositions in Ag-In-Sb-Te. The unsolved territory 
in role of each element in Ag-In-Sb-Te can be resolved by clarifying 
crystallization mechanism at atomic scale. Unlike crystallization of 
glasses such as SiO2 [30,31], crystallization of PCMs are deployed by 
transition of local environment from a second stable local environment 
(2nd-SLE) to a first stable local environment (1st-SLE) as shown in Fig. 1 
b. For example, crystallization of Ge-Sb-Te is deployed by transition of 
local environment of Ge from tetrahedral (or defective octahedral) to 
octahedral sites [3,4]. Unfortunately, 1st-SLE and 2nd-SLE in Ag-In-Sb- 
Te are yet to be clarified because the direct analysis of local structural 
characteristics, such as bond length or coordination number, of Ag and 
In in amorphous Ag-In-Sb-Te is practically impossible. The complexity 
induced by four elements in similar atomic numbers and compositional 
scarcity of Ag and In in Ag-In-Sb-Te make it hard to analyse them with X- 
ray absorption spectroscopy (XAS) and Raman spectroscopy. 

In our study, we studied the evolution of chemical bond of each 
element on crystallization of Ag-In-Sb-Te rather than direct analysis on 
local structural characteristics. It is shown by in-situ X-ray photoelectron 
spectroscopy (XPS) that element In dramatically changes its chemical 
bonding on crystallization from Sb-bonds (In-Sb) to Te-bonds (In-Te), 
where corresponded local environments are characterized as that of 
InSb and AgInTe2, respectively by density functional theory calculation 
(DFT calculation). Further, we proceed experimental verifications for 
the structural characteristics of the suggested local environments with 
optical/electrical macroscopic properties, i.e., In critically modulates 
the degree of atomic ordering and activation energy for crystallization 
despite of low composition (4%). The overall results suggest crystalli
zation is deployed by the transition of local environment of In from InSb- 
like to AgInTe2-like site. The ‘dam-gate model’ is proposed for role of 
element Ag, In, and Te and accounts for the unsolved phase-change 
properties depending on composition. Unique phase-change mecha
nism of Ag-In-Sb-Te is described at atomic scale and compared with that 
of the most popular PCM, Ge-Sb-Te. 

2. Experimental section 

2.1. Sample preparation 

The ST, IST, AST, AIST, and AISTEutectic films were fabricated by Ar±

ion beam sputtering using each single target with the desired composi
tion in an ultrahigh vacuum (UHV) chamber. The base pressure and 
working pressure of the UHV chamber were 3.0 × 10-8 Torr and 6.5 ×
10-5 Torr, respectively. Compositions were confirmed with in-situ XPS. 
The amorphous (crystal) structure of the as-deposited (annealed) films 
was confirmed with X-ray diffraction and Raman spectroscopic mea
surements. Fifty-nanometer thick PCMs for XPS were deposited on 
highly doped Si to exclude the charging effect; 100–1000 nm-thick PCMs 
were deposited on the Si and annealed above the crystallization tem
perature for IR-SE. 

2.2. in-situ XPS 

In-situ XPS analyses of the core levels were conducted using a PHI 
5000 VersaProbe instrument (ULVAC-PHI), where the base pressure was 
5.0-10 Torr. XPS results were recorded using monochromatic Kα radia
tion with analyzer pass energies of 23.5 eV and 11.75 eV. The back
ground of each spectrum was subtracted by the Shirley method. 

2.3. Density functional theory calculation 

To explore the structural properties and the transition behavior be
tween the crystal and amorphous phases of AIST, we used ab initio DFT 
calculations [32] based on a linear combination of atomic orbitals, as 
implemented in the SIESTA code [33,34], and reproduced the 
Ag1In1Sb18Te4 cell for the crystal phase and that of Ag8In8Sb144Te32 for 
the amorphous phase. Double-ζ polarization was used as a basis set to 
expand the electronic wave functions. The behavior of the valence 
electrons was described by the norm-conserving Troullier-Martins 
pseudopotential [35] with partial core corrections in the Kleinman- 
Bylander factorized form [36]. We considered the 4d105s1, 5s25p1, 
5s25p3, and 5s25p4 electrons as the valence level in the pseudopotentials 
for Ag, In, Sb, and Te, respectively. We used the Perdew-Zunger form 
[37] of the Ceperley-Alder exchange–correlation (XC) functional [38] 
within the local density approximation. The charge density and poten
tials were determined on a real-space grid with a mesh cutoff energy of 
210 Ry. We used a confinement energy shift of 0.02 eV, which defines 
the cutoff radii of atomic orbitals. 

To identify the local atomic characteristics, we carried out molecular 

Fig. 1. Phase-diagram of Ag-In-Sb-Te and local environments of phase-change materials. (a) Phase-diagram of Ag-In-Sb-Te. Previously reported compositions 
appear in color. (b) Local environments of PCMs can be classified into energetically 1st and 2nd stable local environments. The local environment of crystalline PCMs 
consists of a 1st stable local environment, whereas those of amorphous PCMs consist of both 1st and 2nd stable local environments. The crystallization and 
amorphization of PCMs are deployed by the local environment transitions of certain element that differ considerably from the continuous random network model. 
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dynamics (MD) simulations within the canonical ensemble while 
changing various conditions such as the temperature, density, and initial 
configurations. We solved the classical equation of motion with the 
quantum mechanical force acting on each atom, which was calculated 
by applying the Hellmann-Feynman theorem. The target temperature 
was controlled by adjusting the temperature of the heat bath using a 
Nosé thermostat [39–42]. In our calculations, we considered a unit cell 
containing 24 (192) atoms for the crystal (amorphous) phases. To 
identify the most stable crystal phase, we considered various configu
rations with different site locations of the Ag, In, Sb, and Te atoms. To 
find the equilibrium structure of each configuration, we maintained the 
R3 m symmetry with lattice parameters of a = b = 8.77 Å but adjusted 
the parameter c until the energy was minimized [27]. The calculated c 
values were in the range 10.12–10.36 Å. To produce the amorphous 
phase, we performed MD-based melt-quench simulations, mimicking a 
real amorphization process. To reduce the computational cost, we first 
executed MD simulations at a high temperature (approximately 5000 K) 
and with a low density (approximately 45% lower than its ambient value 
of 0.030 atom/Å3 at 300 K by expanding the unit cell). This process is 
known as pre-melting and is performed to completely scatter atoms. 
Then, we continued our MD simulations by lowering the temperature to 
approximately 1000 K with its ambient density imitating the liquid 
phase. After the system attained equilibrium at T = 1000 K, we 
employed a quenching process while decreasing the temperature at a 
rate of 10.8 K/ps until room temperature (300 K) was attained. During 
every MD simulation, we collected the coordinates {ri} and velocities 
{vi} (i = 1, 2, 3,⋯, N) of all atoms with which we analyzed their various 
structural properties. Angle distribution functions of atoms are consid
ered within the cutoff radius of 0.35 nm. 

2.4. Infrared spectroscopic ellipsometry 

Ellipsometry spectra were measured in the range of 0.08–0.7 eV 
using a Sopra GES5 instrument with an angle of incidence of 60◦ at 300 
K. A globar source and a mercury cadmium telluride (MCT) detector 

were used for mid-FTIR spectroscopy with a resolution of 2 meV. The 
models of dielectric functions for fitting were based on the Drude and 
Tauc-Lorentz models. The Drude model describes the intraband excita
tion and assumes the motion to resemble that of a classical gas of elec
trons, whereas the Tauc-Lorentz model exhibits an interband transition 
above the band edge. ∊∞, which is the background permittivity from 
higher frequency oscillators, is included in the Tauc-Lorentz model. The 
low-energy dielectric constant was set at 0.08 eV. The dielectric func
tions for ST, IST, AST, AIST, and AISTEutectic with at least three thick
nesses (100 nm–1 µm) were examined for reliability. 

2.5. Hysteresis of electrical resistance on temperature (R-T) 

The measurements are executed after few times of alternating vac
uum pumping and N2 purging. Constant current mode at 5 mA for two 
points probe is utilized. Sample width and length are 1 mm and 2 mm, 
respectively. Thicknesses of samples exceed 300 nm, which is enough to 
represent bulk properties. 

3. Results and discussion 

3.1. Chemical bond characterization by in-situ XPS 

We study evolution of chemical bonding for each constituent 
element on crystallization of AIST via in-situ XPS, element selective tool 
[3,43]. Among them, element In represents the largest change while the 
other elements in AIST (Ag, Sb, and Te) represent negligible change as 
detailed in Supplementary Fig. S1. As is apparent from Fig. 2 a, the shape 
of the spectrum of In 3d5/2 core level in crystalline AIST (denoted by the 
blue circle in Fig. 1 a) is symmetric with a binding energy of 444.7 eV, 
which is in the range of Te bonds (In-Te), i.e., In mainly bonds with Te 
(In-Te) in crystalline AIST [44–46]. However, the spectrum of In 3d5/2 
core level in amorphous AIST is asymmetric, which indicates the coex
istence of different type of chemical bonding [43]. We confirmed that 
the spectrum of In in amorphous AIST subtracted from that in crystalline 

Fig. 2. Local environments of In in amorphous and crystalline Ag4In4Sb75Te18 (AIST), Ag4In4Sb61Te31 (AISTEutectic), and In5Sb77Te18 (IST). The three columns 
represent the deep core level spectra of In 3d5/2 in (a) AIST, (b) AISTEutectic, and (c) IST, respectively, obtained using X-ray photoelectron spectroscopy. Measured data 
and fitted lines are shown in the form of a set of circles and black lines, respectively, with the crystalline (amorphous) data are plotted in green (orange). The upper 
panels show the crystalline and amorphous measured data and fitted lines simultaneously for comparison. The middle (lower) panels show the measured data and 
fitted lines for the deconvoluted spectra of crystalline (amorphous) sample. Spectra of In-Te bonds are in purple and those of In-Sb bonds in red. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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AIST with reduced intensity is also symmetric and has the same 
Gaussian-Lorentzian width. Thereby, asymmetry of the 3d spectrum of 
In is resolved into two symmetric peaks, where the second peak of In in 
amorphous AIST with a binding energy of 444.3 eV is in the range of Sb 
bonds (In-Sb) [45,47]. There are two types of In in amorphous AIST, 
where bonding of each type is dominated by Sb (In-Sb) or Te (In-Te). The 
result that crystallization of AIST is deployed by large chemical bond 
evolution of In from In-Sb to In-Te suggests that local environments of In 
whose bonding is dominated by Te and Sb be a 1st-SLE and 2nd-SLE of 
AIST, respectively. In the case of AISTEutectic (denoted by the red circle in 
Fig. 1 a), spectra of element in amorphous and crystalline AISTEutectic 
exhibits same feature with those of AIST (denoted by the blue circle in 
Fig. 1 a), respectively as shown in Fig. 2 and Supplementary Fig. 1. It 
indicates that chemical bond evolution on crystallization of AISTEutectic 
is identical to that of AIST. 

In the case of amorphous IST, the spectrum of In 3d5/2core level 
represents negligible difference with those of amorphous AIST and 
AISTEutectic. However, spectrum of In in crystalline IST shows clearly 
distinguishable features in comparison with those in crystalline AIST 
and AISTEutectic, i.e., the spectrum is asymmetric as specifically depicted 
in Fig. 2 c. In particular, the spectrum of In in crystalline IST is even 
broader, compared to that in amorphous IST, which is highly atypical 
because the chemical bonding in crystalline phase is typically more 
confined than that in amorphous phase. The unusual broadness of the 
spectrum of In in crystalline IST results from the coexistence of two types 
of chemical bond of In, In-Te and In-Sb as shown in Fig. 2 c. Even after 
crystallization, residual In-Sb co-exists with In-Te in IST. It is remarkable 
that the absence of Ag critically discourages the chemical bond evolu
tion of In from In-Sb to In-Te despite of low composition of Ag (4%) and 
In (4%). 

Chemical bonding of Ag in amorphous and crystalline AIST, AIS
TEutectic, and AST films is identified in Fig. 3. The spectra of Ag 3d5/2 of 
amorphous and crystalline AIST, AISTEutectic, and AST are symmetric 
and identical. The spectrum of the Ag 3d5/2 core level, with a binding 
energy of 368.3 eV in the range of Te bonds [48] shows that Ag always 

bonds with Te (Ag-Te) in AIST, AISTEutectic, and AST, regardless of phase. 
The result that chemical bonding of Ag does not undergo any variation 
during the crystallization of AIST, AISTEutectic, and AST, indicates that 
Ag does not directly participate in the crystallization process. 

3.2. Local environment characterization by DFT calculation 

To verify and further characterize the chemical bonding of Ag and In 
in crystalline AIST, we computationally reproduced the crystal structure 
of AIST and calculated the total energy of the structure varying its 
atomic configurations by first-principle DFT calculations, as depicted in 
Fig. 4 a. Even though the atomic sites in the crystal structure of AIST are 
reportedly randomly occupied by composite elements, an energy hier
archy in terms of the exchange of elements still exists in the structures 
we reproduced. Specifically, we reproduced 12 types of atomic config
urations of the crystalline Ag1In1Sb18Te4 structure and eventually 
categorized them into five groups according to the number of Te atoms 
that simultaneously bond with Ag and In (Ag-Te-In). They showed clear 
energy hierarchy according to the number of Ag-Te-In unit, i.e., the cell 
becomes the most stable when the number of Ag-Te-In units is maxi
mized to four. Further, the cells were monotonically destabilized as the 
number of Ag-Te-In unit decrease. Ag-Te-In unit stabilizes the total en
ergy of structure. The result is consistent with the experimental results 
obtained by XPS that Ag and In mainly bonds with Te (Ag-Te and In-Te) 
in crystalline AIST. Further, energy destabilization on deviation of Ag- 
Te-In unit in the reproduced crystalline structure accounts for the 
result obtained by XPS that absence of Ag discourages the chemical bond 
evolution of In from In-Sb to In-Te. The result is also consistent with 
existing experimental reports according to which single-phase crystal
line Ag3.4In3.7Sb76.4Te16.5 (denoted by the blue circle in Fig. 1 a) be
comes phase-separated into AgInTe2, Sb, and Sb2Te3 crystals when 
annealed above the crystallization temperature [49,50]. As bonding 
topology of Ag-Te-In is identical to that of the AgInTe2 crystal, “AgInTe2- 
like site” is suggested as a local environment of In whose bonding is 
dominated by Te (In-Te) i.e., AgInTe2-like site of In is the 1st-SLE of 

Fig. 3. Local environments of Ag in amorphous and crystalline Ag4In4Sb75Te18 (AIST), Ag4In4Sb61Te31 (AISTEutectic), and Ag5Sb77Te18 (AST). The three columns 
represent the deep core level spectra of Ag 3d5/2 in (a) AIST, (b) AISTEutectic, and (c) AST, respectively, obtained with X-ray photoelectron spectroscopy. The measured 
data and fitted lines are shown in the form of a set of circles and black lines, respectively, where the crystalline (amorphous) data are plotted in green (orange). The 
upper panels show the crystalline and amorphous measured data and fitted lines simultaneously for comparison. The middle (lower) panel shows the measured data 
and fitted lines for the deconvoluted spectra of crystalline (amorphous) sample. Spectra of Ag-Te bonds are in gray. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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AIST. 
For further study of chemical bonding of elements in amorphous and 

crystalline AIST, we computationally reproduced additional amorphous 
Ag8In8Sb144Te32 supercells and performed molecular dynamics (MD) 
simulations for both amorphous and crystalline cells for a period of 5 ps 
at 300 K within canonical ensembles. We analyzed the structural char
acteristics of these supercells by using the angle distribution function 
(ADF) and radial distribution function (RDF) to compute the respective 
elemental distributions, as shown in Fig. 4 b, c, and Supplementary 
Fig. S3, respectively. As depicted in Fig. 4 b, the angle distribution of 
each element in the amorphous and crystal structure of AIST is centered 
at 90◦, which is consistent with existing reports that the local environ
ment in amorphous and crystalline AIST is mainly octahedral [10,51]. 

We further analysed the angle distributions of In in both amorphous 
and crystal structures by classifying them into patterns corresponding to 
the Sb-In-X and Te-In-X angles, where X represents any element in AIST, 
as depicted in Fig. 4 c. The population ratio of the pattern corresponding 
to the angle of Te-In-X over that of Sb-In-X is considerably larger in the 
crystal structure than that in amorphous AIST structure. This result is 
consistent with the experimental result obtained by XPS—In-Te domi
nates in crystalline AIST while In-Te and In-Sb coexist in amorphous 
AIST. The distributions corresponding to both Sb-In-X and Te-In-X an
gles in the amorphous structure are clearly asymmetric. They can be 
deconvoluted into a distribution centered at 90◦ and an additional dis
tribution centered between 100◦ and 110◦, i.e., the local environments 
of In in amorphous AIST consist of both octahedron and tetrahedron. 

This is clearly distinguished with those of Ag, Sb, and Te in amorphous 
AIST, which mainly consist of octahedron as depicted in Supplementary 
Fig. S4. The additional tetrahedral local environment of element In 
corresponds to In-Sb bonding, which is an additional bonding type of 
element In in amorphous AIST in comparison with that in crystalline 
AIST. It is consistent with the reports that local environment of In is 
dominated by 4-fold tetrahedron unlike Ag, Sb, and Te in melt-quenched 
Ag20In16Sb360Te144cell reproduced by MD simulations [17]. As tetra
hedral local environment of element In which bonds with Sb is identical 
to bonding topology of the InSb crystal, “InSb-like site” is suggested as a 
local environment of In whose bonding is dominated by Sb in AIST, i.e., 
InSb-like site of In is the 2nd-SLE of AIST. Tetrahedral local environment 
of InSb-like site of element In in AIST is expected to deviate octahedral 
local environment in Ag-In-Sb-Te and degrade the degree of atomic 
ordering. At the point, we proceed experimental verification for the 
structural characteristics of the suggested local environments, evalu
ating atomic middle range order (AMRO) with varying compositions. 

3.3. Optical properties and AMRO characterization obtained by IR-SE 

The nature of bonding in crystalline PCMs is in stark contrast to that 
in amorphous PCMs; i.e., the valence electrons in crystalline PCMs are 
spatially more delocalized compared to those in amorphous PCMs, 
similar to resonant bonding [52,53]. A new type of bonding, termed 
metavalent bonding, exclusively appears when PCMs have the atomic 
middle or long range order. Conversely, the degree of atomic middle 

Fig. 4. Total energy of various crystalline 
Ag1In1Sb18Te4 cells and structural analysis of 
crystalline and amorphous cells. (a) Crystalline 
Ag1In1Sb18Te4 cells with 12 different atomic 
configurations classified into five groups accord
ing to their local environment and energy hier
archy with Ag, In, Sb, and Te atoms shown in 
gray, magenta, blue, and yellow, respectively, 
with the total energy. (b) Angle distribution 
function (ADF) of amorphous and crystal struc
ture plotted with thick and thin lines, respec
tively, with the angle distributions of Ag, In, Sb, 
and Te plotted in gray, magenta, blue, and yel
low, respectively. (c) Specific ADF of the element 
In in amorphous and crystalline structures plotted 
in thick and thin lines, respectively, with the 
angle distributions of Sb-In-X plotted in red and 
those of Te-In-X in purple, respectively. (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the web 
version of this article.)   
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range order (AMRO) can be characterized based on the degree of elec
tron delocalization or metavalent bonding, which is quantified using the 
dielectric constant under a static electric field without free carrier con
tributions. Supplementary Fig. S5 shows the dielectric functions of both 
amorphous and crystalline ST, IST, AST, AIST, and AISTEutectic in the 
infrared (IR) region. They include a single Tauc-Lorentz oscillator term, 
whereas only those of crystalline PCMs involve an additional single 
Drude term to account for free carriers, which is consistent with the 
reports [52,53]. Fig. 5 a depicts ∊1 without the Drude contribution in the 
IR region, where the values of ∊∞, the DC limit of a real value of the 
dielectric function ∊1, for the amorphous films (21–28) are relatively 
low, compared to those of the crystalline films (37–67), indicating that 
the bonding types of the amorphous and crystalline films are covalent 
and metavalent, respectively. The formation of the AMRO after crys
tallization is quantified by the formula, ∊∞

cry/ ∊∞
amorphous − 1, as presented 

in Fig. 5 b. The value of ∊∞
cry/ ∊∞

amorphous − 1 exceeding 100% in ST, AST, 
AIST, and AISTEutectic, which is comparable to those of other PCMs 
[52,53], indicates that crystallization, which accompanies improvement 
on AMRO, successfully leads compounds to form metavalent bonding. 

Remarkably, the value of ∊∞ for crystalline IST (46) is relatively 
lower than those for crystalline ST, AST, AIST, and AISTEutectic, indi
cating the deficient AMRO of crystalline IST. The result obtained by XPS 
and DFT calculations that residual In in InSb-like site exists in crystalline 
IST in the form of tetrahedron successfully accounts for critical degra
dation of atomic ordering in octahedron. Further, deficient AMRO in 
crystalline IST is recovered by doping with Ag, comparing % increase of 
∊∞ of IST (70%) with AIST (132%) as shown in Fig. 5 b, i.e., In in 
AgInTe2-like site is relatively cooperative to form the AMRO rather than 
that in InSb-like site. Structural characteristics of the local environments 
of In, obtained by combining the results of XPS and DFT calculations, are 
successfully verified through macroscopic optical properties, i.e., In 
largely modulates the degree of atomic ordering and that in the InSb-like 
site critically degrades AMRO. 

3.4. Crystallization kinetics obtained by hysteresis of electrical resistance 
on temperature 

We further proceed experimental verification for effects of dopants 
(Te, Ag, and In) on thermal stability of amorphous phase. Hysteresis of 
electrical resistance on temperature (R-T) during annealing and cooling 
is shown in Fig. 6a, starting from amorphous phase. The thermal hys
teresis can be classified into three regimes as indicated by black arrows. 
On annealing process, first regime shows gradual decrease in electrical 

resistance, while second regime shows sudden drop of electrical resis
tance in the range between 90 ◦C and 150 ◦C, owing to crystallization 
which is confirmed by structural analysis based on the results of Raman 
spectroscopy and X-ray diffraction (XRD). Third regime shows negligible 
change in electrical resistance on cooling, indicating no structural 
change in crystalline film. Crystallization temperature is defined as the 
point where electrical resistance suddenly drops that derivative of log R 
is minimized. Crystallization temperatures of ST, AST, and AIST films 
are 104.6, 125.7, and 140.1 ◦C, respectively. Doping element in the 
order of Te, Ag, and In into Sb monotonically increases crystallization 
temperature, where pure Sb spontaneously crystallizes at room tem
perature as shown in Fig. 6b [54]. For further analysis, activation en
ergies for crystallization from amorphous phase are studied via 
combining Arrhenius and Kissinger models that phase-change speed is 
maximized at the crystallization temperature and proportional to exp 
(-Ea/kBT), where Ea, kB, and T stands for activation energy, Boltzmann 
constant (1.380*10-23 J/K), and temperature, respectively [55]. With 
the models, activation energies are derived based on the results of 
crystallization temperature depending on various ramping rates as 
shown in Fig. 6b and Supplementary Fig. S7 and S8 [13]. Activation 
energy for crystallization also monotonically increases as the number of 
dopants increases in the same manner of crystallization temperature. 
Incorporating 20 at. % Te into pure Sb critically increases activation 
energy up to 1.67 eV from negligible value [54]. Incorporating addi
tional 5 at. % Ag into ST slightly increases activation energy up to 1.96 
eV. However, incorporating additional 4 at. % In into AST largely in
creases activation energy up to 3.12 eV. The result obtained by R-T that 
In critically stabilizes amorphous phase is consistent with the results 
obtained by XPS, DFT calculations, and IR-SE that In critically disturbs 
crystallization (atomic alignment) in comparison with Ag. 

3.5. Memory properties described based on the phase-change mechanism 
and role of each element in Ag-In-Sb-Te 

The results of XPS, DFT calculations, IR-SE, and R-T suggest AgInTe2- 
like and InSb-like site as the 1st-SLE and 2nd-SLE of AIST, respectively. 
They are pictured at the bottom of Fig. 7 where three-dimensional 
atomic configurations of AIST were simplified into two-dimensional 
schemes. Element In in the 2nd-SLE, InSb-like site, inclines toward Sb 
rather than Te and deviates local environments of surrounding Sb from 
the well aligned octahedron to tetrahedron. On the other hand, element 
In in the 1st-SLE, AgInTe2-like site, forms bond with Te (In-Te) and re
leases Sb from InSb-like site. Our results propose the crystallization 

Fig. 5. Dielectric functions of amorphous and crystal PCMs in the infrared range. (a) Real part of dielectric functions of amorphous and crystalline Sb80Te20 
(ST), In5Sb77Te18 (IST), Ag5Sb77Te18 (AST), Ag4In4Sb75Te18 (AIST), and Ag4In4Sb61Te31 (AISTEutectic) without the Drude contribution are plotted in black, blue, green, 
red, and yellow, respectively, with crystalline and amorphous films represented by solid and dashed lines, respectively. (b) Degree of metavalent bonding quantified 
with ∊∞

cry/∊∞
amorphous − 1, where ∊∞ represents the DC limit of the real value of the dielectric function ∊1. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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mechanism of AIST at atomic scale as a two-step process, as pictured in 
Fig. 7 [10]. Vectors are introduced to visualize the degree of atomic 
alignment by pointing the direction of the sum of short bonds of each 
atom, where misaligned (well aligned) ones with adjacent atoms are 
coloured red (green). At the amorphous phase, In in InSb-like site sup
presses spontaneous bond-interchange of Sb and stabilizes misaligned 
vectors (atomic alignment). When enough Joule heats for crystallization 
are provided, it derives transition of local environment of In from InSb- 
like to AgInTe2-like site. Subsequently, spontaneous bond-interchange 
between short and long bonds of Sb to align with adjacent atoms is 
followed until every vector becomes aligned, i.e., crystalline phase. (It is 
worth to re-note that crystallization temperature of pure Sb is below the 
room temperature.) As In directly obstructs (or allows) spontaneous 

bond-interchange of Sb by transition of local environment, we can 
compare the role of In to that of a dam built to prevent an avalanche, 
bond-interchange of Sb. 

The transition of local environment of In from InSb-like site becomes 
difficult without the element Ag in AIST; i.e., the presence of Ag posi
tively affects the structural flexibility to enable transition of local 
environment of In from the InSb-like site. In this context, we can 
compare the role of Ag to that of a gate in the dam wall. That is, the role 
of In in AgInTe2-like (InSb-like) sites can be compared to that of a dam 
with open (closed) gates to allow (prevent) an avalanche. Without gates in 
the dam wall, avalanche process cannot be effectively operated due to 
blocking of dam, i.e., without Ag, bond-interchange of Sb is suppressed 
by residual In in InSb-like site. Te can be compared to a connection 

Fig. 6. Resistance dependence on temperature during annealing and cooling process of ST, AST, and AIST. (a) Electrical resistance dependence on tem
perature on annealing and cooling with 1 ◦C/min ramping rate, where arrow represents chronological order. Data corresponding to ST, AST, and AIST is colored 
black, green, and red, respectively. (b) Activation energies for crystallization and crystallization temperatures on composition of thin films. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Crystallization mechanism of Ag-In-Sb-Te. Three-dimensional atomic configurations of crystalline and amorphous AIST are simplified into a two-dimensional 
scheme. Ag, In, Sb, and Te atoms are colored silver, magenta, sky blue, and yellow, respectively. Vectors, pointing the direction of the sum of short bonds of each 
atom to visualize the degree of atomic alignment are introduced, where misaligned and aligned vectors are colored red and green, respectively. Crystallization 
process of Ag-In-Sb-Te is a two-step process, local environment transition of In and bond-interchange of Sb. Local environment transition of In from second stable 
local environment (2nd-SLE) of AIST to first stable local environment (1st-SLE), which are InSb-like to AgInTe2-like site, respectively, occurs at the first step of 
crystallization. Subsequently, spontaneous bond-interchange of Sb occurs to align with adjacent atoms for crystallization. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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centre of chemical bonds, comprising bonds with every element in AIST 
except with Te itself (Ag, In, and Sb). Specifically, Ag, In, and Sb play 
their respective roles, extending and shortening their own bonds with 
Te. These results led us to propose the “dam-gate” model to describe the 
roles of Ag, In, and Te in AIST. 

The transition of chemical bonds at the core level and in the valence 
band during the crystallization of AISTEutectic (denoted by the red circle 
in Fig. 1 a) was ascertained to be identical to that of AIST (denoted by 
the blue circle in Fig. 1 a) as shown in Figs. 2, 3, and 5. It indicates that 
the local environments and roles of Ag, In, and Te in AISTEutectic are 
consistent with the dam-gate model of AIST. The dam-gate model ac
counts for the unexplained experimental results of thermal stability 
depending on the composition of Ag-In-Sb-Te. Crystallization tempera
ture largely increases by increasing the composition of In and decreasing 
the composition of Ag when comparing Ag4In11.1Sb56.8Te28.1 (199 ◦C) 
with Ag12.4In3.8Sb55Te27.8 (170 ◦C) [56] (denoted by orange circles in 
Fig. 1 a [56–60]). As the number of dam (In) increases and that of gate 
(Ag) decreases, the activation energy to open the closed gate of dam (to 
change local environment from InSb-like to AgInTe2-like site) increases 
which leads the increase of crystallization temperature. On the other 
hand, crystallization temperature also increases by decreasing the 
composition of Sb and increasing the composition of Te when comparing 
AISTEutectic (170 ◦C–200 ◦C) [23,25–28] with AIST (~160 ◦C) 
[49,51,61]. As the number of driving element of avalanche (Sb) de
creases and that of connection center (Te) increases, momentum for 
avalanche process (atomic alignments driven by bond-interchange of Sb) 
decreases and it leads to increase of crystallization temperature. The 
experimental results of thermal stability depending on composition in 
Ag-In-Sb-Te could hitherto not be explained based on the other existing 
models. Zhu et al. recently reported that Ag and In occupy Sb sites in 
phase-separated Sb2Te3 to bond with Te in Ag5.13In3.32Sb65.60Te25.93 
(denoted by the red circle in Fig. 1 a) when annealed above the crys
tallization temperature [11]. It is consistent with our results, according 
to which, Ag, In, and Te consist of a AgInTe2-like bonding topology in 
the crystalline state. Based on the additional MD simulations, they 
suggested that both Ag and In stabilize the amorphous phase, while In 
additionally promotes rate of crystallization. At the atomic scale, our 
experimental data and the dam-gate model can account for the MD 
simulation, i.e., the element In in InSb-like site stabilizes the amorphous 
phase, whereas In in AgInTe2-like site suppresses the high diffusivity of 
Ag and promotes the rate of crystallization. Dam-gate model successfully 
accounts for the experimental results at the various compositions in Ag- 
In-Sb-Te, which suggests that applicability of the dam-gate model 
illustrating the role of each element at atomic scale can be extended 
from AIST to Ag-In-Sb-Te. 

The dam-gate model and other reported models such as bond- 
interchange model and recent result on crystalline 
Ag5.13In3.32Sb65.60Te25.93, all of which clarify the roles of the constituent 
elements in the crystallization of Ag-In-Sb-Te, remind us of the umbrella 
flip model as a crystallization mechanism in the most popular PCM, Ge- 
Sb-Te. In Ge-Sb-Te, the element Ge is responsible for the local envi
ronment transition between tetrahedral (or defective octahedral) and 
octahedral sites. It corresponds to In in Ag-In-Sb-Te because local 
environment transition during the crystallization of AIST is induced by 
In. Moreover, Sb acts as a vacancy former in Ge-Sb-Te, in which the 
fabricated vacancies provide structural flexibility for Ge to change local 
environments, which enhances the cyclability and phase-change rate in 
Ge-Sb-Te [3,62]. This corresponds to the role of Ag in Ag-In-Sb-Te 
because Ag provides structural flexibility for In in Ag-In-Sb-Te. In 
addition, Te acts as a backbone in Ge-Sb-Te, which assists Ge, Sb, and 
vacancies to perform their respective roles during phase change by 
extending or shortening its own bonds with Te. This corresponds to the 
role of Te in AIST as a connection hub. It is remarkable that role of Te in 
both Ag-In-Sb-Te and Ge-Sb-Te is alike to connection hub, while Sb in 
Ag-In-Sb-Te (driving element for crystallization) is clearly differentiated 
with that in Ge-Sb-Te (vacancy former). 

Finally, based on the precedent reports and our dam-gate model, the 
orbital configurations of each element during phase-change of Ag-In-Sb- 
Te can be obtained [10,11]. Ag conveys its 5 s1 electron to Te and forms 
ionic bonding in both amorphous and crystalline Ag-In-Sb-Te. The 
orbital configurations of the element In in its local environments are 
clearly differentiated: i.e., those in AgInTe2-like and InSb-like site can be 
represented by 5p3 and 5sp3, respectively, where deficient electrons are 
compensated from Te or Sb. Orbital configurations of Te are rather 
complex but mainly compose of 5p3 in both amorphous and crystalline 
Ag-In-Sb-Te, which are identical with those of Sb [10]. 

4. Conclusions 

Element In dramatically changes its chemical bonding from Sb-bonds 
(In-Sb) to Te-bonds (In-Te) upon crystallization of Ag-In-Sb-Te, while 
the other elements negligibly change its chemical bonding. The local 
environment of In which mainly bonds with Te (Sb) in Ag-In-Sb-Te is 
characterized as AgInTe2-like (InSb-like) site. The structural character
istics of the suggested local environments are experimentally verified 
with electrical/optical macroscopic techniques. In critically modulates 
the degree of atomic ordering and activation energy for crystallization 
despite of low composition of In (4%). The results suggest that crystal
lization mechanism is deployed by transition of local environment of 
element In from InSb-like to AgInTe2-like site. The crystallization 
mechanism of Ag-In-Sb-Te at atomic scale reveals role of constituent 
element in Ag-In-Sb-Te: Ag provides structural flexibility for local 
environment transition of In, In disrupts crystallization, and Te assists 
the other elements to play their respective roles. The roles of Ag, In, and 
Te are compared to those of the gate of a dam, a dam preventing an 
avalanche, and the connection centre of chemical bonds, respectively. 
Eventually, we account for the unexplained experimental reports and 
compare role of element in Ag-In-Sb-Te with those in the most well- 
known PCM, Ge-Sb-Te. 

Our study represents the first attempt to clarify crystallization 
mechanism based on the results of chemical bond evolution upon 
crystallization of PCMs, which is especially effective method in the cases 
that instrumental methods for local structural characteristics such as 
XAS are technically limited. Our results on role of Ag, In, and Te, which 
adequately controls spontaneous atomic alignments of Sb, successfully 
account for unique phase-change mechanism of Ag-In-Sb-Te at atomic 
scale, clearly differentiated with the other PCMs such as Ge-Sb-Te or Ti- 
Sb-Te. We expect our report to spark the development of rapid and en
ergy efficient PCMs beyond Ag-In-Sb-Te, based on the control of spon
taneous atomic alignments. 
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