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The local structural order of glasses in the ternary system, GexSbyTe1-x-y, is not well 
established.  Using the covalent nature of the bonding, we present a model of the local 
structural order in these glasses.  We discuss changes in the local structural order imposed by 
chemical preferences for specific bonds.  We describe the potential importance of nano-scale 
phase separation and its effect on the local structural order.  Finally, we discuss the effect of 
specific features in the local structural order on the performance of phase-change memory 
devices.   

 
 
 
 1. Introduction 
 
 The structures of ternary chalcogenide glasses can often be understood using the covalent 
nature of the bonding and the preference for certain chemical bonds.  Often these two criteria 
conflict with one another.  For example, in the GexAsySe1-x-y system the covalent nature of the 
bonding suggests that Ge, As, and Se are bonded to four, three, and two nearest neighbors, 
respectively.  This situation, which is sometimes referred to as the “8-N rule” [1], results because 
these coordination numbers provide a closed shell of eight electrons around each element by sharing 
electrons with nearest neighbors in covalent bonds.  Also in this system, there exists a slight 
preference for Ge-Se and As-Se bonds over the other possibil ities, Ge-As, Ge-Ge, As-As and Se-Se.  
Clearly this latter chemical constraint is not compatible with the 8-N rule for arbitrary compositions.  
In fact, the two constraints are mutually accommodated only along the pseudo-binary composition 
line, GeSe2-As2Se3.  For all other compositions, one of the two constraints must be violated.  In the 
GexAsySe1-x-y system, the bonding preferences are weak, and therefore the 8-N rule is the dominant 
factor in determining the local structural order [2].  This fact implies that the coordination numbers 
for Ge, As, and Se remain 4, 3, and 2, respectively, for all compositions in the glass-forming region.  
Off the pseudo-binary line, GeSe2-As2Se3, these coordination numbers are maintained by forming 
other types of bonds, such as As-As, Se-Se, or Ge-Ge, depending on the composition.   

As one goes down the periodic table in a given row, the size of the element increases and the 
propensity to form more metallic-l ike bonds also increases [3].  This fact leads to the propensity for 
heavier elements to have more nearest neighbors than would be expected from the covalent picture 
described by the 8-N rule.  If the covalent nature of the bonding stil l plays a major role, such that 
one can still formally share 8 s- and p-electrons around each element even though metallic or ionic 
effects may influence the bonding, then one can modi fy the 8-N rule.  Such a modification was 
developed independently by Liang et al. and Laderman et al. [4] and by Liu and Taylor [5,6] to 
explain the observed local structural order in CuxAsyS1-x-y and CuxAsySe1-x-y glasses.  In these 
systems the Cu is always tetrahedrally coordinated [4], and therefore the number of nearest 
neighbors is constrained by covalent effects even though the bonds are certainly not covalent.  If one 
considers only s- and p-electrons, Cu behaves as a Group I element.  The way that each element in 
these ternary systems formally obtains a closed shell of electrons by “sharing”  with nearest 
neighbors in bonds is to increase the coordination number of the chalcogen element, thereby 
formally donating electrons to the Cu atoms.  Effectively, the lone-pair p-electrons on the S or Se are 
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converted to bonds with Cu where both electrons come from the chalcogen.  This generalized 8-N 
rule, which is sometimes called the Formal Valence Shell Model [6], explains the structures of both 
crystals and glasses in these two ternary systems.   

As one adds Cu to the As-Se glasses, the average coordination number of the Se increases 
from two to three, and for large enough Cu concentrations finally to four.  As in the GexAsySe1-x-y 
system, chemistry also plays a role, with Cu-Se and As-Se bonds preferred.  There exists one 
pseudo-binary line along which these two constraints can hold simultaneously, namely the line 
Cu2Se-As2Se3.  Off this l ine, other types of bonds, such as As-As or Se-Se, are formed depending on 
the composition.   

The local structural order in the GexSbyTe1-x-y system is not well known, and since the 
elements Sb and Te are larger than As and Se, one does not know a priori which of the above 
described scenarios will prevail.  If the ordinary 8-N rule dominates then one predicts that the Ge, 
Sb, and Te elements remain four-, three-, and two-fold coordinated for all glassy compositions.  On 
the other hand, in many of the crystals in this system the Te exhibits a coordination number that is 
greater than two. Therefore, absent experimental evidence to the contrary, one cannot exclude the 
possibil ity that as Ge is added to the Sb-Te glasses, the average coordination number of the Te 
increases to provide for the chemical preference for only Ge-Te and Sb-Te bonds.   
 
 
 2. Structure of GexSbyTe1-x-y glasses 
 

If only s- and p-electrons are considered in the bonding, then one may calculate the average 
local coordination number for any given ternary glass composition if the coordination numbers of 
two of the three elemental constituents are known [6].  As described above, this possibility arises 
because the number of bonds for a given atom, nb, is related to the number of s and p valence 
electrons (column number in the periodic table), N, by the equation, Nnb −= 8 .   

In the case of the glassy system, yxyx TeSbGe −−1 , the Ge and Sb atoms are probably 4- and 

3-fold coordinated, respectively.  Recent x-ray absorption fine structure (EXAFS) experiments [7,8] 
tend to confirm these suggestions.  If the coordination number for Te is always two (the 8-N rule 
holds for all three elements individually), then one may calculate the average coordination number 
for all glasses in the system in exact analogy with the Ge-As-Se ternary system [2,6].  For simplicity 
we consider the normalized composition, yxyx TeSbGe −−1 , where x and y are between zero and one.  

In this case the average coordination number of all three elements, avn , is 

 
22)1(234 ++=−−++= yxyxyxnav .   (1) 

 
Fig. 1 shows the ternary diagram for the Ge-Sb-Te system with three “pseudo-binary”  

composition lines indicated.  The solid line, GeTe-Sb2Te3, contains the Ge2Sb2Te5 composition 
(2GeTe-Sb2Te3).  This composition is very important because it is used in commercial rewritable 
digital versatile disks (DVD’s) [9].  Along the dotted line, GeTe2-Sb2Te3, if the Te is always 2-fold 
coordinated, then there are only Ge-Te and Sb-Te bonds.  It follows from eq. (1) that if Te is two 
fold coordinated, then there must be some additional bonds (Ge-Ge, Sb-Sb, or perhaps Ge-Sb) along 
the line GeTe-Sb2Te3, which contains insufficient Te to satisfy the constraint of only Ge-Te and Sb-
Te bonds.  The vertical dashed line in Fig. 1 represents the compositions for which the average 
coordination number is the same as it is for Ge2Sb2Te5.  This line is important because in some 
glassy systems many properties depend only on the average coordination number and not on the 
exact composition [10].  This trend, which holds best when there is no strong preference for specific 
chemical bonds, is sometimes called the iso-coordination rule [2,10].  The region near 0.2x =  
along the GexTe1-x binary outlined by the solid l ine is the glass-forming region for materials 
quenched from the melt.  The materials used in phase-change memory applications all fall well 
outside this glass-forming region.   
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Fig. 1. Ternary diagram of the GexSbyTe1-x-y system.  The dotted, dashed, and solid l ines 
represent the pseudo-binary tie lines, GeTe2-Sb2Te3, GeTe2-Sb2Te, and GeTe-Sb2Te3, 
respectively.  The technologically important phase-change memory composition, Ge2Sb2Te5 
is  also  labeled.   The  two solid  squares  represent  two  additional  phase - change memory  
                        compositions, Ge1Sb4Te7 and Ge1Sb2Te4.  See text for details.   

 
 

A second possibility for the local structural order in the 
yxyx TeSbGe −−1
 glasses is that the 

coordination number of Te increases with increasing Ge and Sb concentration to insure that only   
Ge-Te and Sb-Te bonds occur at all possible compositions.  In this case, which corresponds to a 
strong chemical preference for specific bonds, one may calculate the average coordination number 
for all glasses in the system in exact analogy with the Cu-As-Se and Cu-As-S ternary systems where 
the Cu is always tetrahedrally coordinated.  The average coordination number is the same as that 
given in eq. (1) for 6 5 2x y+ <  (to the left of the dotted line in Fig. 1 or Fig. 2, which is the 
pseudo-binary l ine GeSe2-Sb2Te3).  To the right of this line the average coordination number for Te 
increases from two to three and the average coordination number for the glass is given by 

 
yxnav 68 += ,      (2) 

 
where the average coordination number for Te is 
 

yx

yx
nTe
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1

34
.     (3) 

 

Along the line 367 =+ yx , which is indicated by the long-dashed line in Fig. 2, 3=Te
avn .  

To the right of this line the coordination of one of the elements, presumably Te, must increase 
further for the above model to apply.  The short-dashed line in Fig. 2 represents the pseudo-binary 
compositions that are least likely to phase separate.  The propensity for nano-scale phase separation 
to occur in this system will be discussed in the next section.   

Given the above discussion, there are two possibilities for bonding in the commercially 
important alloy, Ge2Sb2Te5.  First, if eq. (1) holds, then the Te is 2-fold coordinated and either 1/3 of 
the Ge bonds are Ge-Ge bonds, or ½ of the Sb-bonds are Sb-Sb bonds, or some mixture of these two 

possibilities, and 67.2=avn .  (From EXAFS measurements, there is experimental evidence for the 

presence of Ge-Ge bonds and against the presence of Ge-Sb bonds [8].)  Second, if Te
avn  increases to 

keep the constraint of only Ge-Te and Sb-Te bonds, then 8.2=Te
avn  and 1.3≅avn .   
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Fig.  2. Ternary diagram of the GexSbyTe1-x-y system.  The dotted, long-dashed, and short-
dashed lines represent the pseudo-binary tie l ines, GeTe2-Sb2Te3, Ge3Te4-SbTe, and           
GeSb-Te,  respectively.   The  technologically important phase-change memory composition,  
                                   Ge2Sb2Te5 is also labeled.  See text for details.   
 
 
Experimental evidence is currently insufficient to decide between these two possibil ities.  If 

the Te remains 2-fold coordinated, then the local structural order is determined by the covalent 
nature of the bonding with the chemical preference for speci fic bonds playing only a minor role.  If 
the Te is essentially 3-fold coordinated, then the local structural order is determined by the chemical 
preference for Ge-Te and Sb-Te bonds.  Finally, it is entirely possible that both effects are important 
and the coordination of the Te is between two and three.    

Some facts are, however, clear.  In the two crystalline phases of Ge2Sb2Te5, the Ge Sb, and 
Te are essentially octahedrally coordinated [11,12,13,14].  The coordination numbers for all three 
elements in the glass are considerably smaller.  The Ge is four-fold (tetrahedrally) coordinated and 
the Sb is three-fold (pyramidally) coordinated.  Even though the exact coordination of the Te is 
questionable, it is clearly less than or equal to three [7,8].   

 
 

 3. Nano-scale phase separation in glassy GexSbyTe1-x-y 

 
 In the binary system, GexTe1-x, Boolchand and Bresser have suggested that phase separation 
occurs on a nano-scale for values of x greater than about 1/3 [15]. This phase separation was inferred 
from Raman scattering spectra and glass transition temperature data [15].  The interpretation is that 
for Ge concentrations that exceed the stoichiometric GeTe2 composition, the glass phase separates 
into Ge-rich regions and GeTe2 regions.  There is no evidence that this phase separation is 
macroscopic.  First, no phase separation is observed in electron microscopy.  Second, two distinct 
glass transition temperatures are not observed.  Therefore, the authors [15] suggest that the phase 
separation occurs on a nano-scale.   

Boolchand et al. [2] have generalized these ideas to ternary chalcogenide systems containing 
Ge.  In some ternary systems, such as GexAsySe1-x-y, no phase separation is observed, and the GeSe4 
tetrahedral and AsSe3 pyramidal units mix on a molecular scale.  Like-atom bonds, such as Ge-Ge, 
As-As, and Se-Se, occur depending on the composition, but they also do not cluster.  This behavior 
is consistent with the situation described in the previous section where we found that there is little 
preference for specific chemical bonds in determining the local structural order.   

On the other hand, Boolchand et al. [2] suggest, based on measurements of the glass 
transition temperatures as a function of composition [16], that nano-scale phase separation does 
occur in the ternary system, GexSbySe1-x-y. These glasses are assumed to phase separate into Sb2Se3 
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regions and GeSez regions whenever z < 2.  In terms of x and y in the normalized compositions this 
constraint becomes 
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2 1
2

x x y> − − .            (4) 

 
 From eq. (4), one easily obtains the dotted lines in Figs. 1 and 2 ( 6 5 2x y+ = ) where there 
are only Ge-Se and Sb-Se bonds if the Se remains two-fold coordinated.  To the right of this dotted 
line nano-scale phase separation can, but need not, occur.  As mentioned above, there is evidence for 
phase separation in the GexSbySe1-x-y system.   

In the GexAsySe1-x-ysystem phase separation only occurs near the two binary edges (Ge-Se 
and As-Se) [2,17].  Given this result, we speculate that in the GexSbySe1-x-y system, the phase 
separation is most pronounced near the two binary edges (Ge-Te and Sb-Te).  Therefore the short-
dashed line (GeSb-Te tie line) in Fig. 2 represents the best possibility to avoid phase separation for 
compositions to the right of the intersection with the dotted line (GeTe2-Sb2Te3 tie line).   

Whether or not there is a propensity for nano-scale phase separation in the GexSbyTe1-x-y 
system, and in particular in the composition Ge2Sb2Te5, is presently unclear.   This question is 
important because any propensity for phase separation in the glass provides a potential failure 
mechanism for the phase-change memory devices.  The composition Ge2Sb2Te5 does lie along the 
line where one would least expect phase separation, but since most applications of phase-change 
memory devices require many reversible switching operations [18], any propensity for phase 
separation is potentially damaging.   

Several compositions along the GeTe-Sb2Te3 tie line, other than Ge2Sb2Te5, are potentially 
important for phase-change memory applications, notably two other compositions that form 
stoichiometric crystals, Ge1Sb4Te7 and Ge1Sb2Te4 [19]. These two compositions are shown as solid 
squares in Fig. 1.  Another potentially interesting phase-change memory material that lies along the 
GeTe2-Sb2Te3 tie line is Ge2Sb2Te7.  This composition lies at the intersection of the line with the 
least propensity to phase separate (short-dashed line in Fig. 2) with the line separating homogeneous 
glasses from those that can potentially phase separate (dotted line in Fig. 2). It is unclear 
experimentally whether any of these three compositions is subject to nano-scale phase separation.   

As mentioned above, the basic experimental evidence that suggests the onset of nano-scale 
phase separation is a composition above which there exists a decrease in the glass transition 
temperature as the average coordination number increases.  Normall y, the glass transition 
temperature increases with the average coordination number because the network becomes more 
rigid as avn  increases.  Anomalous behavior is presumed to occur because the glass phase separates 

into two phases [2], each having lower avn because the chalcogen atoms remain two-fold 

coordinated.  It will be very difficult to measure the glass transition temperatures in the GexSbyTe1-x-y 
system because of the propensity of these materials to crystall ize.  This fact makes the EXAFS 
measurements on Te the best hope for probing the propensity to phase separate.  If for example, in 
glassy Ge2Sb2Te5 the Te is predominantly three-fold coordinated, then nano-scale phase separation 
after many switching operations is a possibility.  In principle, Te K-edge EXAFS experiments can 
monitor nano-scale phase separation on switching by observing a decrease in the average 
coordination number for Te from three to two after many switching cycles.    

 
 

 4. Summary 
 

The local structural order in glasses of the system GexSbyTe1-x-y is not presently known.  
EXAFS experiments suggest that the Ge is tetrahedrally coordinated and that the Sb is probably 
three-fold coordinated, but the coordination of the Te is unclear.  Models of the local structural order 
suggest two possibil ities as the Ge and Sb concentrations increase.  First, the Te can remain two-fold 
coordinated, a scenario that in general requires the presence of like-atom bonds.  Second, the Te can 
increase its coordination number from two to three and maintain the presence of only Ge-Te and Sb-
Te bonds over a fairly wide range of compositions.  A third possibil ity is that the glasses can phase 
separate on a nano-scale to lower the average coordination number of the Te.  To understand failure 
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mechanisms in phase-change memory devices it may be important to determine which of these three 
possibil ities exists.   

 
 

 Acknowledgements 
 
The authors gratefully acknowledge enlightening discussions with A. H. Edwards, D. Emin, 

and D. E. Sayers.  This research was supported by the Air Force Research Laboratory under grant 
no. F29601-03-01-0229 and by the National Science Foundation under grant no. DMR 0307594.   

 
 
References 
 

  [1] N. F. Mott, Adv. in Phys. 16, 49 (1967). 
  [2] P. Boolchand, D. G. Georgiev, T. Qu, F. Wang, L. Cai, S. Chakravarty, C. R. Chimie  
        5,713 (2002). 
  [3] W. A. Harrison, Electronic Structure and the Properties of Solids, (Dover, New York, 1989), 
        p. 88. 
  [4] K. S. Liang, A. Bienenstock, C. W. Bates, Phys. Rev. B10, 1528 (1974); S. Laderman,  
        A. Bienenstock, K. S. Liang, Solar Energy Mt. 8, 15 (1982), and references contained therein. 
  [5] J. Z. Liu, P. C. Taylor, Solid State Commun. 70, 81 (1989); J. Non-Cryst. Solids  
        114, 25 (1989). 
  [6] P. C. Taylor, Z. M. Saleh, and J. Z. Liu, in Transport, Correlation and Structural Defects,  
        H. Fritzsche, ed. (World Scienti fic, Singapore, 1990), p. 3. 
  [7] A. V. Kolobov, P. Fons, A. I. Frenkel, A. L. Ankudinov, J. Tominaga, T. Uruga,  
        Nature Materials, (2004) [on-line]. 
  [8] D. A. Baker, D. E. Sayers, unpublished. 
  [9] See for example, S. Hudgens and B. Johnson, MRS Bull. November 2004, 829 (2004). 
[10] B. Effey, R. L. Cappelletti, Phys. Rev. B59, 4119 (1999). 
[11] I. I. Petrov, R. M. Imamov, Z. G. Pinsker, Sov. Phys. Crystallogr. 13, 339 (1968). 
[12] T. Nonaka, G. Ohbayashi, Y. Toriumi, Y. Mori, H. Hashimoto, Thin Solid Films 
        370, 258 (2000). 
[13] N. Yamada, T. Matsunaga, J. Appl. Phys. 88, 7020 (2000). 
[14] J. Gonzalez-Hernandez, E Lopez-Cruz, M. Yanez-Limon, D. Strand, B. B. Chao,  
       S. R. Ovshinsky, Solid State Commun. 95, 5 1995, 593 (1995). 
[15] P. Boolchand, W. J. Bresser, Philos. Mag. B80, 1757 (2000). 
[16] S. Mahadevan, A. Giridhar, J. Non-Cryst. Solids 143, 52 (1992). 
[17] Z. U. Borisova, Glassy Semiconductors (Plenum, New York, 1992), p.261. 
[18] J. D. Maimon, K. K. Hunt, L. Burcin, J. Rodgers, IEEE Trans. Nucl. Sci. 50, 1878 (2003);  
        J. Maimon, K. Hunt, L. Burcin, K. Knowles, AIP Conf. Proc. 699, 639 (2004). 
[19] N. Yamada, E. Ohno, K. Nishiuchi, N. Akahira, M. Takao, J. Appl. Phys. 69, 2849 (1991). 


