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Abstract  With the help of first-principles molecular dynamics calculations, we obtained the atomic picture of 
amorphous AlSb(a-AlSb) for phase-change memory application. Generally, a-AlSb shows sp3 bonding network, 
which is the intrinsic characteristic for its good thermal stability. Significant wrong(homogenous) Al-Al bonds can 
also be observed from the pair correlation function. This hints the amorphous phase may consist of Al cluster and 
Sb-rich Al-Sb alloy. Recent experiment has observed the Sb-rich region of AlSb alloy can be switched to crystal, on 
the basis of which, combined with our calculations, we thus propose that on the one hand such a Sb-rich region in 
a-AlSb can retain the rapid crystallization like pure Sb solid and on the other hand some Al atoms play the important 
role of stabilizing Sb rich network with sp3 bonding. The present study offers a microscopic view to understand the 
phase change mechanism of AlSb alloy for information storage device. 
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1  Introduction 

Phase-change materials show very fast phase transition 
between amorphous and crystalline phase, while the two phases 
keep significant electrical/optical contrast[1,2]. Thus, they can be 
used in fast and nonvolatile phase-change memory(PCM). As 
early as 1968, Ovshinsky[3] discovered this phenomenon. In 
fact, this memory technology has been recognized as an impor-
tant candidate for the next generation nonvolatile memory[4,5]. 
The PCM materials mainly include chalcogenides, such as 
In3SbTe2, TiSbTe, SiSbTe and GeSbTe[6―9]. Among them, 
Ge2Sb2Te5(GST) has been most widely studied and employed 
due to its excellent properties[10]. It has been used in Blue-ray 
DVD[11,12]. However, GST holds a relative low crystallization 
temperature(430 K)[13], which has limited its application in, 
such as, automobile industry.  

Moreover, Te easily diffuses and separates at a high tem-
perature because of its low melting point. Meanwhile, Te is also 
an overly active element in PCM materials[14]. In 2003, van 
Pieterson et al.[15] presented Te-free Sb based phase-change 
materials that exhibit fast crystallization with excellent stability 
of amorphous phase at room temperature. Generally, Sb easy 
crystallizes, so the stability of its amorphous phase is poor. 
When Sb was doped with other elements, such as Ge and 
Si[16,17], new kinds of PCM materials have been proposed with 

a good stability of amorphous phase. AlSb is one of these Sb 
based PCM materials. According to the work of Zhou et al.[18], 
AlSb with a composition ratio of 1:1 showed relatively high 
crystallization temperature(482 K), which was reflected by a 
10-year data retention temperature of 376 K. This indicates 
AlSb is also an important candidate for future nonvolatile PCM. 
Meanwhile, at a low resistance state of AlSb(crystalline AlSb, 
c-AlSb), only the indication of A7-type structure can be found 
in XRD and selected area electron diffraction(SAED) patterns, 
which indicates c-AlSb must have a very significant Sb rich 
region. In other words, a certain degree of phase separation 
may occur during amorphous-crystalline transition. Therefore, 
to get the amorphous picture of AlSb is the first step to under-
stand the chemical bonding tendency and thus the switch  
mechanism. 

Ab initio molecular dynamics(AIMD) has been widely 
used to explore the atomic structure and mechanism of fast 
phase transition of PCM materials[19―21]. In this work, we will 
try to analyze the local atomic picture of amorphous AlSb 
(a-AlSb) and shed light on possible switching mechanism of 
AlSb by AIMD method. Analyzing its bond angle distribution 
and coordination number, we demonstrated that the atomic 
configuration in a-AlSb is mainly sp3 bonding network which 
reflects its intrinsic thermal stability in contrast to that of 
p-orbital resonant bonding in crystal state[22]. Significant Al-Al 
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wrong bonds indicate it also has a certain degree of phase  
separation in its amorphous phase. Electronic bonding charac-
teristics are reflected by electron localization function(ELF) 
and charge density differences (CDD). Both ELF and CDD 
analyses further demonstrate that the covalent bonding of Al-Sb 
is dominated. In a-AlSb many of the Al-Al bonds keep metallic 
while some of those display interesting covalent characteristic. 
In other words, a-AlSb can have Sb-rich region. We proposed 
that on the one hand such a Sb-rich region in amorphous AlSb 
can retain the rapid crystallization like pure Sb solid and on the 
other hand Al atoms can stabilize the Sb-rich network through 
sp3 bonding. Therefore, the present study offers a local atomic 
picture to understand the switching mechanism of AlSb alloy 
for PCM. 

2  Computational Methods 
Our calculation employed density functional theory 

(DFT)[23,24] was implemented in the Vienna ab initio Simulation 
Package(VASP) code[25,26]. The projector augmented  
wave(PAW) pseudopotential[27,28] was used to describe the 

electron-ion interaction, and the electronic exchange-     
correlation interaction was described by generalized gradient 
approximation(GGA)[29] with the Perdew-Burke-Ernzerhof 
(PBE) functional[30]. In AIMD simulation, we used the NVT 
canonical ensemble, in which the Nosé-Hoover thermostat was 
used to control the temperature. Melt-quenching amorphization 
method was used to obtain the model of a-AlSb. Our model 
contained 128 atoms with a density of 35.3 atoms/nm3      

according to ref.[31]. The initial model was firstly melt at 3000 
K for 9 ps in order to eliminate the setup memory, and then was 
quenched down to 1400 K, a little higher than the melting 
point(1333 K[32]) of crystal AlSb, at which it was maintained 
for 9 ps to obtain stable liquid phase. Finally, we maintained 
the constant temperature set at 300 K for 15 ps to rapidly soli-
dify the former liquid phase and obtain the a-AlSb atomic 
structure, see Fig.1(A). Time step for each AIMD was 3 fs, and 
the last 3 ps(1000 steps) was used to analyze the structural 
properties of a-AlSb. Electronic properties analysis was based 
on the final structure after geometry optimization. 

 
 
 
 
 
 
 
 

Fig.1  Final atomic structure of amorphous AlSb model at 300 K(A) and typical motifs of Sb(B) and 
Al(C) with high localized electrons distribution(cap like areas, ELF >0.9) 

3  Results and Discussion 
As a prerequisite, we must insure atoms during the AIMD 

procedure at high temperatures have already sufficiently dif-
fused, so that a-AlSb model is not affected by the initial setup. 
We firstly calculated the mean square displacement(MSD) of 
two AIMD processes at 3000 and 1400 K. Fig.2(A) and (B) 
display a nearly linear increasing tendency of MSD for the total 
atoms and individual element ones. The slope of MSD is pro-
portional to the diffusion coefficient. Obviously, Al has a larger 
diffusion coefficient than Sb due to the lighter atomic mass. 
This indicates Al is more active in the liquid. It is well known 
that amorphous phase is lack of long-range order, so we calcu-
lated the pair correlation function(PCF) of the final a-AlSb 
model at 300 K. As shown in Fig.2(C), for PCFs of different 
element pairs, our a-AlSb model was proved to be completely 
disorder due to the convergence of 1 at r>0.8 nm. Besides for 
the normal Al-Sb bonding, we can also observe the significant 
Al-Al bonding in the amorphous phase, which may be linked to 
the accumulation of Al. Finally, we checked optical properties 
contrast by calculating imaginary part of the dielectric func-
tion(ε2). The dielectric function calculation was performed by 
the Cambridge Sequential Total Energy Package(CASTEP) 
program as implemented in the Materials Studio software. The 

frequency range may be lower than the experiment result, 
which is due to the band gap underestimate of DFT calcula-
tions[33]. As shown in Fig.2(D), the distribution of ε2 for a-AlSb 
can be divided into three parts. In a range of 0—1 eV, the large 
ε2 is mainly ascribed to dangling bonds and Al 3-fold 
rings(Drude model) which will be mentioned later. We can also 
see contrast between a-AlSb and c-Sb in a range of 1 to 2 eV. 
While in the scope of >2 eV, the ε2 of a-AlSb resembles that of 
zinc blend AlSb(z-AlSb). Because there are a large amount of 
Al-Sb covalent bonds in both of them(this will also confirmed 
later).  

Next, bond structure analysis was based on the a-AlSb 
model. First, we calculated bond angle distribution(BAD) and 
coordination number(CN) distribution. The BAD and CN dis-
tribution are closely related to bond length cutoff. The bond 
length cutoff is usually chosen according to the covalent   
radius[34], PCFs or ELF[35]. We chose 1.15 times the covalent 
radius as bond length cutoff, i.e., 0.2898, 0.3059 and 0.322 nm 
for Al-Al, Al-Sb and Sb-Sb bond connections, respectively. The 
results were averaged for the last 3 ps(1000 steps) at 300 K. 
Fig.3(A) and (B) show the BAD and CN distribution, respec-
tively. Most of Al and Sb still hold the BAD close to 109.5° and 
the max CN of 4. This distribution strongly indicates the main 
network around Al or Sb is sp3 bonding type. Besides the         
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Fig.2  Mean square displacement(MSD) of Al(a), Sb(b) and all the atoms(c) at AIMD of 3000 K(A) and    
1400 K(B), pair correlation function(PCF) for different element pairs[Al-Al(a), Al-Sb(b) and Sb-Sb(c)] 
in a-AlSb at 300 K(C) and imaginary part of the dielectric function(ε2) for amorphous AlSb(a), zinc 
blend AlSb(b) and crystal Sb(c)(D) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        

Fig.3  BAD(A) and CN distribution(B) of all the Al and Sb atoms, and BAD for different element pairs 
centered at Al(C) and Sb(D), respectively 

case mentioned above, a significant BAD around 60° can    
be also observed for Al, which indicates a part of Al atoms  
may form 3-fold-ring structure in the present amorphous  
model. 

In order to find the origin of 3-fold rings for the BAD 
around 60°, we divided the BAD into one part centered at Al 

and the other part centered at Sb. Fig.3(C) and (D) show the 
results. Obviously, the main contribution of 60° bond angle for 
Al comes from Al-Al-Al and Al-Al-Sb local connections, 
which strongly indicates the bonding tendency might have been 
changed to metallic characteristic when Al atoms got together. 
This is also demonstrated by the weakening of BAD around 
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109.5° for Al-Al-Al connection. Bond geometry of Al is quite 
similar to that of Ga in GaSb phase change material[36]. Yet, the 
heterogeneous connections of Sb-Al-Sb still maintain the BAD 
around 109.5°. Interestingly, a very small part of Sb-Sb-Sb 
local connections can be observed. The Sb homopolar connec-
tions have a bond angle distribution around 90°, which is the 
sign of p-bonding characteristics. Then we calculated the  
average total and partial coordination numbers. The total CN of 
Al and that of Sb are 4.54 and 3.78, respectively. For Al, the 
CN of Al-Al is 1.77, and the CN of Al-Sb is 2.78. For Sb, the 
CN of Sb-Sb is 1.01, and the CN of Sb-Al is 2.77. According to 
the results, we can get two conclusions. First, Sb exhibits a 
total average CN around 4 because of its main sp3 type network. 
Al shows a relatively large average CN of 4.54 which reflects 
its significant Al-Al connection with possible additional metal-
lic property. Second, the CN of Al-Al accounts for about 40% 
of the Al total CN. So it means that Al tends to get together and 
form clusters, which may lead to a nanoscale phase separation 
of a-AlSb. In order to inspect this, we calculated the fractions 
of Al and Sb atoms that bond to various elements in a-AlSb 
during the final AIMD process at 300 K, the results are shown 
in Table 1. Obviously, about 2.25% of Al atoms bond to Al only. 
In contrast, the ratio of Sb bonding only with Sb is much 
smaller(0.05%). This further supports a small part of Al has 
gotten together in a-AlSb model. 

Table 1  Fractions of Al and Sb atoms bonding to 
various elements in a-AlSb model at 300 K 

Atom 
Fraction(%) 

Al Al and Sb Sb 
Al  2.25 72.10 25.65 
Sb 29.46 70.49  0.05 

In sum, the present a-AlSb model shows a main form of 
sp3 heterogeneous connection. Meanwhile, Al metallic    
homopolar connection also exists. The present bond structure 

analysis results demonstrate that the main network of a-AlSb 
retains sp3 type structure. A small part of Al tends to get to-
gether which is demonstrated by the BAD around 60° and the 
significant peak of Al-Al PCF. According to the observed phe-
nomena of experiment[18], crystallization process mainly hap-
pens in the Sb-rich region. After a part of Al accumulation du- 
ring amorphization, Sb-rich region may play the important role 
in the phase transition. 

Finally, the electronic structure of the a-AlSb model was 
presented. We firstly calculated the electronic local func-
tion(ELF)[37]. ELF can be described in the form of a contour 
plot in the real space with values ranging from 0 to 1. The ap-
proaching region with ELF close to 1 indicates the strong co-
valent electrons or lone-pair electrons, the region with ELF 
close to 0 is typical for a low electron density area, and the 
region with ELF close to 0.5 is an area with homogenous elec-
tron gas. Fig.1(B) and (C) respectively show typical motifs of 
Sb and Al with high localized electrons(ELF>0.9) distribution 
in a-AlSb model. Most of such electrons locate at “cap” around 
Sb atoms with a CN of 3, which reflects the lone-pair of elec-
trons in Sb. More interestingly, there are also high localization 
electrons between two Al atoms, which indicates their strong 
covalent bond characteristic. Fig.4 plots the typical ELF distri-
bution through some slices, which are defined by some 
three-atom planes. For the slices of Al-Al-Al 3-fold ring and 
Al-Sb-Al 3-fold ring in Fig.4(A) and (B), Al-Al connection 
displays an ELF of ca. 0.5, which indicates the metallic cha-
racteristic of these 3-fold rings. For the slices of Al-Sb-Al, 
Sb-Al-Sb and Sb-Al-Al in Fig.4(C)―(E), respectively, the 
ELF(along Sb to Al) is about 0.8—0.9, which clearly indicates 
their covalent characteristic. However, in Fig.4(F), another 
Al-Al connection shows an ELF of ca. 0.8, which indicates the 
interesting covalent bonding again. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4  Typical bonding through the slice of ELF defined by the following three-atom planes 
(A) Al-Al-Al ring; (B) Al-Sb-Al ring; (C) Al-Sb-Al plane; (D) Sb-Al-Sb plane; (E) Sb-Al-Al plane; (F) Al-Al-Al plane. 

 
CDD is another analytical tool on bonding characteristic. 

CDD shows the electron density difference between     
compounds and their corresponding single atom. As pointed out 
by Krba et al.[38], covalently bonded, ionically bonded and  
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metallic system show significant difference in CDD. For exam-
ple, in crystal Si, the electron charge pileup(observed midway 
between the two Si atoms) is a signature of covalent bonding. 
Fig.5 shows CDD along different planes in a-AlSb model. The 
conclusions from the CDD are as the same as the ones from 
ELF: Al-Sb bonds display sp3 type of covalent bonding. Al-Al 

bonds show metallic bonding as well as covalent bonding.  
According to the result of CDD and ELF analyses, amorphous 
AlSb mainly exhibits sp3 type of covalent bonding. Al homo-
polar connection shows partial metallic bonding, and also  
interesting covalent bonding with highly localized electrons.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5  Charge density difference(CDD) along the plane of specific structures 
(A) Al-Al-Al 3-fold ring; (B) Al-Sb-Al 3-fold ring; (C) Al-Sb-Al atom chain; (D) Sb-Al-Sb atom chain; (E) Al-Al-Sb atom chain;  

(F) Al-Al-Al atom chain. 

4  Conclusions 
By AIMD simulation, we obtained the atomic picture of 

amorphous AlSb phase-change material. The basic sp3 atomic 
network in the amorphous phase was observed, which is re-
flected by the main BAD around 109.5° and the main coordina-
tion number of 4. In addition, a BAD around 60° is also found 
due to Al accumulation in the form of triangular structure. 
Analyses of ELF and CDD show Al-Sb forms normal covalent 
bonding and Al-Al forms metallic bonding. An interesting co-
valent Al-Al bonding can also be observed. After a part of Al 
accumulation, we proposed that on the one hand the Sb-rich 
region in amorphous AlSb can retain the rapid crystallization 
like pure Sb solid and on the other hand the remaining Al atoms 
can stabilize Sb-rich network with the intrinsic sp3 bonding 
characteristic. Thus, it is the reason why AlSb holds both good 
data retention(amorphous stability) and suitable crystallization 
speed. The present study offers a microscopic amorphous pic-
ture of AlSb alloy and the possible switching mechanism for 
phase change memory devices. 
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