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Abstract

Chalcogenide alloys in pseudobinary line betweeT&land GeTe are extensively
utilied in phase change memories for optical and electronic contrast between
crystalline and amorphous phases. Different from the crystalline structure, the
understanding of amorphous structures is still insuffient due to disorder and distortion.
By employing first-principle molecular dynamics simulations and atomistic cluster
alignment analysis, the short-range orders and the associated distortions of amorphous
ShTe;, GaShTe,, GeShTes, GeShTe; and GeTe are investigated to explore the
origin of nature difference. The results reveal that Ge-Ge and Sb-Sb bonds present a
notable competitive mechanism with GeTe content. The GeTe content has a great
influence on Ge- and Te-centered short-range orders but little influence on the
structures of Sb-centered clusters, especially for the octahedral sites and unidentified
structures. The tetrahedrons in Ge-centered clusters of each alloy show a close
proportion, but the fraction of tetrahedrons in total clusters increases with the
increasing GeTe content due to the increase in the ratio of Ge atom. As for the
distortions of clusters, the distorted tetrahedrons inSG&es are closest to the

standard tetrahedron, the Peierls distortion of Ge-centered 6-fold octahedron reduces
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with an increase in GeTe content whereas that eteditered 6-fold octahedron
shows a little change. Additinally, it is found th&eTe content can inhibit the
formation of nanocavity but contribute to the fotroa of the odd rings. Our findings
deepens the understanding of amorphous structut@ish can promote the design

and application of phase-change materials.
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| ntroduction

Phase change materials (PCM) based on chalcogelhiys are extensively utilied
to store and encode data for non volatile mematies to the marked contrast in
conductivty and reflectivity between the crystadliand amorphous phases.[1-5] The
Ge-Sh-Te alloys in the pseudobinary line betweesT&(ST23) and GeTe (GT11)
are attracting many interests for their good pentomce. In order to meet the
requirements of high density and miniaturizationcommercial applications, it is
necessary to fully understand the microstructurésP@M and the associated
distortions in both crystalline and amorphous state

Until today, the crystalline structures of Ge-Sbdlys have been thoroughly
investigated. Crystalline ST23 is known as a rhoneoal layered crystal
structure,[6-9] crystalline GT11 is a distorted ksalt structure,[9-11] while the
overall crystalline structures of GeSb, (GeTe-SbTe; or GST124), Gs&SShTes
(2GeTe-ShTe; or GST225) and G8hy,Te; (3GeTe-Shle; or GST326) present a
rocksalt-like structure consisting of rocksalt-typailding blocks with alternating
cation (Ge/Sb/vacancy) and anion (Te) layers [1R-¥6 for the amorphous
structures of these alloys, many researches haem loarried to classify the
short-range orders (SROs) in the disorder syste@@savati et al. studied the
amorphous ST23 and found that Sb and Te atoms es#ynin a defective octahedral
site.[17] Sun et al. reported that the amorphousire of GST124 mostly consists
of distorted defective octahedrons with a smaltiparof distorted tetrahedrons.[18]
Similar to the SROs of GST124, the amorphous sirastof GST225 and GT11 also
present the coexistence of defective octahedrodsdatorted tetrahedrons, and the
tetrahedrons originate from the Ge-centered SR@s20D] Moreover, the Peierls
distortions of amorphous GT11 and GST124 with pressand aging have also been
explored.[21, 22] However, due to the limitationasfalysis method, the proportions
of 3-, 4-, 5- and 6-fold octahedrons in each alliog., 3-, 4- and 5-fold octahedrons

are the defective octahedrons with vacancies), lwitign better reveal the nature
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differences between the Ge-Sb-Te alloys, are wgtiltentified. And the study on
Peierls distortion of the SROs are also insuffitieecause of vacancies in defective
octahedrons.

In our work, using the atomistic cluster alignmdMCA) method which can
identify the uniform SRO in amorphous system andssify the SROs by the
similarity to template,[23-26] combined with ourepious stuies,[25, 26] we have
identified the fractions of tetrahedron, 3-, 4-, &d 6-fold octahedrons in ST23,
GST124, GST225,[26] GST326 and GT11, respectiv€lgpmparing the SROs
between these alloys, we have studied the strdabuigin of nature difference with
an increase in GT11 content. And then we have dgeul the distortion of
tetrahedrons and 6-fold octahedrons in amorphoustesy In addition, ring
distrbutions are also dicussed to further explbeerble of GT11 content played in the
Ge-Sbh-Te alloys. Our findings reveal the short-earggructural characteristics of
alloys in pseudobinary line between ST23 and GWiiich can provide us a direction

for the design of the PCM.

M ethods

We have performed thab initio melecular dynamics (AIMD) simulations using the
VASP program based on the density functional th&#ry 28] The
projector-augmented wave method and the PerdeweBhrkzerhof generalized
gradient approximation (GGA-PBE) are applied fog #xchange-correlation energy
functional.[29-31] The initial simulation boxes 823, GST124, GST225, GST326
and GT11 were the cubic supercells which were rargdilled with 200, 196, 189,
220 and 200 atoms by stoichiometric ratios of eletsierespectively. The time step
was 3 fs and only’ point was sampled in the Brillouin zone for sughwdations. The
simulations were carried out in a constant voluméd eonstant temperature (NVT)
ensemble with the periodic boundary conditions, tedtemperature was adjusted by
the Nose-Hoover thermostat.[32, 33] Firstly, theteyn was heated to 2000 K and

relaxed for 30 ps in order to eliminate the meneffgct from the initial configuration.
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Secondly, the system was quickly cooled to thel timaperature of 300 K with a rate
of 33.3 K/ps.Then the system was relaxed for 18 ps (i.e., 6@®@lation steps) to
bring the system to equilibriunrand the size of simulation cell was controlled to
ensure that the internal pressure of the systemoles® to zeroFinally, the 6000
configurations selected from the equilibrium trageg were utilized to study the
short-range orderef Ge-Sb-Te alloys using the pair correlation tiorc (PCF),
bond-angle distribution function (BDF) and the a$ated distortion with the ACA
method.[23]

Different from the previous methods,[19, 34, 3B clusters selected from the
ACA method depending on the number of atoms innaptate.[23]As the selected
clusters have more atoms than the template, thgy aoatain the atoms caused by
Peierls distortion or connected by van der Wadksrattion.The ACA method can be
classified by two types of alignment schemes. (i¢ Tollective alignment: firstly, a
lot of clusters composed of the same number aghat{wentral and neighbor atoms)
are selected randomly from the system, then théraleatoms are put in a same
position and then these clusters are rigidly rdtate minimize the overall
mean-square distances between different clustensllfs the average short-range
structure is obtained with a proper isosurface ea(@) Individual cluster-template
alignment: the system is classified into varioupety of short-range structures
according to the similarity between selected cluatel given template®Now we use
a parameter called “structure fitting scdfeto describe the structural similarity
between the selected clusters and templates. Iryp&cat run of individual
cluster-template alignment, the template is fixadd the selected single cluster is
randomly rotated to minimize the mean-square digtabetween template and

selected cluster:

Ar? = Cgﬂ-i“r}lc Arl, (1)
ST (O AR
f =min| = Ar] (2)
N =

WhereArCZ,T is the distance between at@in cluster and atorfi in template.Ar? is
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the minimal square distance between aibim the template and all: atoms in the
cluster.f=0 indicates that the selected cluster has exalcdysame structure to the
template, and a larger means the selected cluster has more deviation tien
template.

In our ACA analysis,f=0.2 is regarded as the threshold value for thecsiral
similarity, and we count the structure fitting sesiin a range of 0-0.2 to obtain the

fraction of SRO similar to the template.

Results and discussion

Table 1 plots the atomic density of amorphous ST2Z3T124, GST225, GST326 and
GT11 in our simulations with the residual pressureorder to make the external
pressure close to zero, the simulation box is aefufor the relax process, thus the
residual pressures in the amorphous systems ayesnell. The density of GST225 in
our simulation is 0.0290 atomA?, which is in line with the previous simulated va&lu
very well (0.0287 atoms/ #[36] and very close to the experimental amorphous
value (0.0300 atomg®).[37] As the GT11 content increases in the Ge-8lalloys,
the atomic density of the alloy also presents areising trend, suggesting that GT11
content has a great influence on the structureesS6-Te alloys.

Figure 1 shows the partial PCF of Ge-Sb-Te alloifk the different GT11 contents.
Different from the partial PCF of Te-Te, Ge-Sh, Ge-and Sb-Te, only those of
Ge-Ge and Sb-Sb show a notable change at thepket with the GT11 content,
indicating that Ge-Ge and Sb-Sb bonds play a sggmt role in the short-range
structural differences of the Ge-Sh-Te allogempare the amplitude of first peak in
PCF between Ge-Ge and Sb-Sb, it is found thatAs>AcTt11 > AcsT3z6> AcsTazsin
PCF of Ge-Ge whereassAri24< Agsta26< Asst225in PCF of Sb-Sb, hinting that there
is a competitive mechanism between Ge-Ge and Sim6tls with GT11 content.

The changes in the topological SRO with GT11 enhtat a small scale can be
confirmed by the BDF. BDF is often used to exanthme higher order correlations in

the liquid and amorphous systems, which is stasiktlistribution of the bond-angles
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formed by three atoms within a cutoff distance.uFég 2 illustrates the BDF of
amorphous Ge-Sb-Te alloys with a cutoff distance8@ A. The notable peaks of
BDF for total, Ge-, Sb- and Te-centered atoms medtthe vicinity of 90° and the
small peaks locate at the vicinity of 170°, whiche asimilar to the previous
literatures,[17, 18, 25, 34, 35, 38, 39] reminding of the distorted octahedral
structures. For total BDF, only the main peak ofl&Thotably shifts to the right, as
shown in Figure 2(a), suggesting a largest distortn octahedral structureBrom
Figures 2(b)-(d), the main peaks of Ge-centeresiteta shift to the right of 90°, those
of Sb-centered clusters locate at ~90°, while thadsEe-centered clusters shift to the
left of 90° except for GST124, indicating that thistortions of these Ge-Sb-Te alloys
mainly originate from the Ge- and Te-centered elisst The opposite deviation
directions of main peaks for Ge- and Te-centeredtets are probably due to size
discrepancies between the two elements.

To better understand the short-range structuitiérences of the amorphous
Ge-Sh-Te alloys, collective alignment analysis frA@A method is utilized to obtain
the uniform SRO in each alloy.[23] Firstly, 200Qisters are randomly selected from
the atomic trajectory and each cluster is compadeseven atoms (one central atom
and six neighboring atoms). Then these clustersadigmed with each other to
minimize the overall mean-square distances by nigidtion and relative translation.
Finally, we will obtain the atomic density contauap for a given iso-surface value,
which can provide us a three-dimensional diagrama &RO visually. According to
the central atoms, we obtain the uniform SROs of Gé-, Sb- and Te-centered
clusters, respectively (as shown in Figure 3). é&lijh all of the uniform SROs
present the octahedral structures, the differeat&R0Os with different central atoms
are still found.The inhomogeneous isosurface in the same clusticaites the
existence of defects while the asymmetrical pasténdicate the distortion of clusters.
Compare with Ge- and Sb-centered SROs, the confole-centered SRO is relative
small, indicating that there are more low-coordatiatdefective octahedrons in

Te-centered clusters.[19, 26] In addition, as GTadtent increases, the Ge-centered
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SRO shows a notable change, revealing that codidimaaumbers of defective
octahedrons is sensitive to the GT11 content.

To understand the role of defective octahedrdageg in the amorphous systems,
it is very necessary to classify the octahedrots &, 4-, 5- and 6-fold octahedrons
and identify the associated fractions. In additigirahedrons are also found in the
amorphous Ge-Sb-Te alloys in previous studies198Then five standard templates
(tetrahedron, 3-, 4- and 5-fold defective octahedr@and 6-fold octahedron without
defect) are built for the ACA analysis, as shownFigure 4(a).By comparing the
similarity between the template and selected ctsstee can classify the SROs in the
amorphous alloys and identify the fractiodss the clusters selected from ACA
method may include the atoms beyond the first shib# statistical results will
provide a comprehensive perspective on the SR@wdBe-Sh-Te alloys. Figure 4(b)
shows the total fractions of five SROs in Ge-Shalleys. Similar to the previous
studies, the Ge-Sbh-Te alloys are composed of al gpodion of tetrahedron and a
large portion of octahedral structures.[18-28 the GT11 content increases, the
fraction of tetrahedrons increases gradually aadhes the largest value of 18.3% in
GT11. The octahedral clusters are mostly in thenfof 4-fold defective octahedron
for all of the alloys. The fractions of 6-fold obtdrons are relative stable with a
proportion of ~13%, while those of 3-, 4- and Sdfalefective octahedrons change
notably with GT11 content. In addition to the téedron and various octahedral
structures, the clusters can not be identified whth five templates are left as other
structures. It is probably due to large distortom low coordination. The fractions of
other structures decrease with GT11 content exoep&ST225, hinting that GT11
may reduce the distortions in amorphous systé&msamorphous GST225 has a very
small fraction of other structures, it presents ensimilarity to crystalline phase,
resulting in the superior performance in the allfsl9, 40]

Figure 4(c) shows the fractions of Ge-centereddSRor GST124, GST225,
GST326 and GT11, respectively. Interestingly, of the fractions of tetrahedrons

locate at the vicinity of 28%, which are close he fprevious literatures,[19, 36, 38]
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while the fractions of other structures are closezéro. The structural differences
mainly concentrate on the fractions of various bethal structures. The SROs of
both GST124 and GT11 concentrate on 4- and 5-foldh@drons while those of both
GST225 and GST326 center on 5-fold octahedron.réig(d) shows the fractions of
various SROs in Sb-centered SROs. In additionédltittuation at 5-fold octahedron,
the fraction is very close for each SRO, indicatithgit Sb-centered SROs is
insensitive to GT11 content. As for Te-centered SR® and 4-fold defective

octahedrons possess a very large fraction, as sho#igure 4(e). Different from the

Ge- and Sb-centered SROs, the unidentified otlrectstes in Te-centered SROs
present a proportion except for GST225.

Compare the SROs in total, Ge-, Sb- and Te-ceaiteusters, it is found that GT11
content has a large influence on Ge- and Te-caht8ROs but a little influence on
Sh-centered SROs. The tetrahedrons originate fioen Ge-centered clusters and
possess an approximate fraction in the Ge-centelkesiers for each alloy, but the
fraction of tetrahedrons in total clusters incrsaséth GT11 content due to the
increase in the ratio of Ge. The differences oabetiral SROs mainly arise from Ge-
and Te-centered clusters, Ge-centered SROs havearge |proportion of
high-coordinated (5- and 6-fold) octahedrons whgecentered SROs possess a large
proportion of low-coordinated (3- and 4-fold) oatalnons. Most of the unidentified
other structures originate from the Te-centeredtehs.

The local order parameter g, as another toaldatify tetrahedron, is used to verify
the ACA results and explore the distortion of teédrons,[19, 41-43]

q=1-3%, G+ oo, ] ®)
where the sum runs over the couples of atoms botalactentral atom j. g=1 for the
ideal tetrahedral geometry, q=0 for the 6-fold Ideatahedron. The fraction of
tetrahedral SROs is obtained by integrating thgeanom 0.8 to 1.0. As shown in
insert table of Figure 5, we give a comparisontha fractions of tetrahedrons from
ACA method and local order parameter. The tetradlefhactions of GST124,
GST225, GST326 and GT11 from ACA method are 27 58©%, 26.1% and 30.0%
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while the ones from local order parameter are 31.8%2%, 26.7% and 31.4%,
respectively. The fraction of GST225 is always sheallest one among the Ge-Sbh-Te
alloys, closing to the previous reported value (2736] Although the fractions from
the two methods present a small deviation for eamimpound, they are in good
agreement. Comparing the main peaks of q distobsfi we found the peak of
GST225 is closest to ideal value, indicating tha tdistortion of tetrahedron in
GST225 is relative small.

Further investigations on the charge distributiosfs 6-fold octahedrons are
necessary for understanding the formation of octetiestructures. The topological
analysis of the charge distribution is a very usédol to determine the chemical
bonding strength of local structures. Figure 6 showe charge contour plots of Ge-
and Sb-centered 6-fold octahedrons for a diagotaep The distributions of the
charges are not uniform for all of the 6-fold o&dions, and the concentrated charges
form a strong bond while the bonds are weak whaeecharge is sparse, presenting
the Peierls-like distortion (PLD).[21, 44-46] Fotaenple, there are two strong bonds
and two weak bonds in the diagonal plane of Geeredt6-fold octahedron of GT11.
As the weak bonds bonding to central atom are éoca&t an appropriate range, a
6-fold octahedron is formed. As the weak bonds eadéis limitation, the 5-, 4- and
3-fold octahedrons are formed gradually.

As PLD is very common in PCM and plays a significaole in the SRO of
Ge-Sbh-Te alloys,[21, 44-46] it is of great impordanto study the PLD of SROs,
especially for the octahedral structures. The ACAthud identify the 6-fold
octahedrons by the similarity between ideal 6-f@tthhedron and 6-fold cluster with
a structure fitting score. The PLD factor is obéairby averaging the differences of
long- and short-bonds in the diagonal lines of e@&dbld octahedron. A PLD factor
only corresponds to one 6-fold octahedron. As thecture fitting scores are smaller
than 0.2 (i.e., cutoff value of structure fittingoses is 0.2), only the 6-fold
octahedrons are included, the PLD factor can refibe distortion of 6-fold

octahedrons. As the cutoff value of structurerfgtiscores increase, apart from the
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6-fold octahedrons, the 6-fold clusters with largistortion are also counted in,
leading to an increase in PLD factor, as showniguié 7.When the cutoff value is
equal to 0.2, for the PLD factor distributions aé-Gentered octahedrons, as the GT11
content increases, the PLD factors changes frord 8.40 0.35 A, indicating that
PLD distortion becomes smaller with an increas&irLl content. As for the PLD
factor distributions of Sb-centered octahedrons, RiLD factors always concentrate
on the range of 0.25 A to 0.45 A. Then it is codeld that GT11 content can reduce
the distortions of Ge-centered 6-fold octahedrdms,has little influence on those of
Sb-centered 6-fold octahedrons.

When the cutoff value of structure fitting scoreaches a large value such as 0.4,
more distorted 6-fold clusters are included, thet@eposition of PLD factor tends to
stable, suggesting that the PLD factor may pa#fiect the average distortion of the
clusters in amorphous system. From Figure 7, findile PLD factors of Ge- and
Sb-centered clusters concentrate on the rangetsf®55 A, which is in line with the
previous studies.[21, 22] Then it is concluded timet calculated PLD factors from
ACA method can reflect the distortion of local sture in amorphous system very
well.

Ring statistic is another way to character the SR@morphous system, which
can effectively reflect the bonding conditions afcadl structures. Using RINGS
code,[47] the irreducible rings of Ge-Sb-Te allaye computed with a cutoff distance
of 3.2 A for further structural analysis. As shoinrFigures 8(a)-(e), sum of 4-, 5- and
6-membered rings make up a very large proportiontiiese alloys, indicating that
SROs in amorphous Ge-Sb-Te alloys are apparene Mterestingly, a small spike at
the vicinity of 16-membered ring is observed in ST&ST124 and GST225 due to
the presence of nanocavities,[34, 48] which is Isintp the previous studies.[17, 25,
49] However, as the GT11 content in Ge-Sb-Te allogseases, the spike disappears,
indicating that the increasing GT11 content in ®eT® alloy can inhibit the
formation of nanocavities. Figure 8(f) shows the @hd even ring statistics of these

alloys. The fraction of odd rings is relative small ST23, and it increases as the
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GT11 content increases, finally it reaches a l&rgetion closing to that of even rings
in GT11. As wrong bonds (Ge-Ge, Ge-Sbh, Sb-Sb andeTbonds)[50-52] are an
essential component for odd rings, it is inferreattGT11 content in Ge-Sb-Te alloys
contribute to the formation of wrong bonds.

For the traditional analysis methods such as BB¢allorder parameter q and ring
statistic, the chemical environment for each atendetermined by a fixed distance
cutoff. However, local structural distortion is anemon phenomenon in the
phase-change materials, these methods with a @ilstdnce cutoff may failure as the
atoms with a distortion may not be considered. AA method innovatively uses
some standard templates to match with the clugstestomic models. As the clusters
selected by ACA method is according to the numbbeatoms in template, they may
contain the atom with a large distortion. Thus, k@A method can identify the
short-range structure effectively regardless ofitifieence of structural distortion. In
addition, the ACA method can classify the SROsnmghous system and identify
the associated fractions. In a word, the ACA metlsdn effective and innovative
tool to analyze the structure with large distorfigmarticularly the liquid and

amorphous systems.

Conclusions

In this work, in order to explore the structukigin of nature difference in
Te-based alloy, we have studied the SROs and theciased distortions of ST23,
GST124, GST225, GST326 and GT11, respectively,doyguAIMD simulations and
the ACA analysis. The results reveal that only GeaBd Sb-Sb bonds change notably
as the composition of Ge-Sb-Te alloy changes, d&®&y fpresent a competitive
mechanism with GT11 content. The GT11l content hageat influence on the
fractions of Ge- and Te-centered SROs but littituence on those of Sb-centered
SROs. The fraction of tetrahedrons in Ge-centehesters for each alloy is very close,
but the fraction increases in total clusters withrecrease in GT11 content due to the

difference in concentration of Ge atoms. Furtheemarlarge fraction of unidentified
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other structures is found in the alloys except@®3T225, revealing that amorphous
GST225 presents most similarity to the crystalld@se among these alloys. As for
the distortions of SROSs, the distorted tetrahedionGST225 are most close to the
standard one. By using the PLD factor, it is fodhndt the distortion of Ge-centered
6-fold octahedron becomes smaller with an incréasgT11 content whereas that of
Sh-centered 6-fold octahedron do not show prominamiation. In addition, we

noticed that GT11 content can inhibit the formatmfnnanocavity but promote the
formation of wrong bonds. Our study can reveal dhgin of nature differences in

Ge-Sb-Te alloys, which provide us a direction fortlier design and application of

PCM.
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Table 1. The density and pressure of amorphous ST23, GST&34225, GST326 and GT11,

respectively.

ST23 GST124 GST225 GST326 GT11

p (atomsA™) 0.0258 0.0276 0.0290 0.0289 0.0313
Pressure (GPa) 0.0373 0.0115 0.0483 0.1376 0.0312
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Figure 1. Partial PCF of ST23, GST124, GST225, GST326 antllGiespectively.



40 T

20

T

T

Total (b) . Ge-centered
ol —ST23
- ——GST124
s ——GST225
S ¥*r ——GST326 ]
—GTI1
10+
0
30 60 90 120 150
20

Count

920
Angle (°)

Sb-centered

Angle (°)

Figure 2. BDF of ST23, GST124, GST225, GST326 and GT11 witutaff distance 08.2 A

respectively.
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Figure 3. Atomic-density contour plot of ST23, GST124, GST2&5T326 and GT11 from the
cluster alignment method, with the iso-surface gatfi 0.25 A’. Red, cyan, yellow and green

contour plots represent the SROs of all, Ge-, 8d-Taee-centered clusters, respectively.
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Figure 4. (a) Five templates used in ACA method. (b)-(e)ckoas of SROs in ST23, GST124,

GST225, GST326 and GT11, respectively.
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Figure 5. Distribution of the local order parameter q fourf@oordinated Ge-centered clusters.

Insert table depicts the difference of fractiomsfrACA method and parameter.
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Figure 6. Charge distributions of Ge- (upper) and Sb-cedtdiewer) 6-fold octahedrons in

Ge-Sb-Te alloys for the diagonal plane.
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Figure 7. The distribution of Ge- and Sb-centered 6-foldabetirons of GT11, ST23, GST124,
GST225 and GST326 at different PLD factors wherch@ose different cutoff values of structure

fitting scores at 300 K.
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Figure 8. Ring distributions of ST23, GST124, GST225, GST8868 GT11, respectively.





