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ABSTRACT

The structure of the amorphous liquid, and crystallinephases of phasghange materials (PCM) and the rapid
changes between them hawetivated density functional (DF) simulationsTee-based materials on IBM Blue Gene
supercomputersiVe have simulatedseTe (50:50), GeTegs (15:85), GgSh,Tes (GST, DVD-RAM), and Teusing
large samples (21630atomg over hundreds of picosecond$ atoms are classified agpe A (Ge,Sbpr B (Te), we
observe pronouncedlB alternation and he main structural motif is a foumembered ABAB ring ("ABAB square")
The amorphous$o-crystalline tansitionmay be viewedas a rerientation of disordered ABAB squaresincethe
metastable NaCl structure corresponds to perfectiogddihe coordination numbers tfese system@ncluding Te)
deviatefrom thefi8-N ruled, whereN is the number of valeecelectronsTe atomshave near threefold coordination
and showa markedmedium to long-range ordem GST. Octahedral bond angles predomindtee bond and dihedral
angles of @ atoms (predominantly fourfold coordinatgdshow tetrahedral and (distortedypctahedral local
environmentghat change withGe concentration. fie disorderedalloys containcavities (“voids") that are analogous
to the vacancies in crystalline compounds. We com@aree,Ge;sTegs, andGe,Sh,Tes and show th importance of
homopolar {(wrongd )  bamdhvaancies (cavitiessomelimitations of thetheoretical methodsa discissed

Key words: Phase change materialengity functional daulations, molecular dynamic&eSh,Tes (GST), GeTe,
GesTegs.

1. INTRODUCTION

The closerelatins hi p between the properties of a nmapbramtin al a
many areas of physics, chemistry, and bioldtis certainlytruein materials science. Knowledge of the structures of

the phases involved &ssentiato develop oumunderstandingf the properties gbhasechange materialsand theory

has a decisive role to play. In principeh e needs fonlyd to calculate the t
different atomic arrangements and temperataresiacate lowenergy structuresut the practical problenaf doing

so are immenseDensity functional calculations involve no adjustable parameterd the combination with
molecular dynamics (the G&arrinello methodl]) has had a dramatic effect in matds science and chemistry. The
demands on computational resources are very large, however, and the vast majority of simulations have been limite
to systems with less than 100 atoms over some tens of picosecondsarEhes#oundestrictionsfor multi-element
materials (which maglsoinclude cavitie§ where the time scale of the phase changes is longer than a nanosecond. A
common alternative, particularly in biological systems, is to parameterize the energy in terms of a classical force field.
This allows us to calculate thousands of atoms over physically relevant time,dwatésrequires the development of

a force fieldwith predictive valuan systems with several atom types. Thisxgremelydifficult in practice, andur

first calculations onlpase change materials were carried out in support of such a project.

Density functional calculations allow us to developextensive (and extendibldatabase of structural information

that can be used for determining or refining the parameters of &aldssce field. The structures, relative energies,

and vibration frequencies of clusters of selenium made possible the development of a force field for this element [2],
and similar studies on sulphur [3] and phosphorus [4] were carried out in our dtdagsical force fields were
developed that reproduced some experimental information as well as DF results on small clusters of the elements
Monte Carlo calculations on over 2000 sulphur atoms provided new insight intopeming polymerization of ligdi
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sulphur, and calculations on 4000 phosphorus atoms providing much information about phase changes in the liquic
under high pressure. When two colleagues (H. R. Schober, K. Schroeder) expressed interest in doing the same fc
GeTe,we carried out DF calcations on Te clusters as well as short MD/DF simulations on GeTe to peosiitidar

data baseHowever, t provedto beimpossible to find parameters that could describe the melting temperature of Ge
itself, much less the combination with another elemé@tiis occurred just beforghe first IBM BlueGene
supercomputewas installed in the FZ 0éh, which prompted u$o carry out combined MD/DF calculations on GeTe

and related materials on a scat# previously possibleNe describéheresome ofour workrelated toGeTe (50:50),

GesTegs (15:85),andGeShTes [5-7]. More details are provided the original papers.

2.METHOD OF CALCULATION

The density functional calculations were performed with theRaarinello mdéecular dyramics package CPMD [8
with the generalized gradient approximation of Rewg Burke and Ernzerhof (PBE)][fbr the exchangeorrelation
energy functionalThe electrorion interactionwas described by ionic pseudopotentials withfthren of Troullier and
Martins [1J. The program empys periodic boundary coribns, usually with one poink€0) in the Brillouin zone,

and the kinetic energy cutoff of the plane wave basis was 20 Ry. GST is modeled at the densities of the metastabl
crystalline 0.0331 atoms/4 and amorphou)(0308 ams/A’) phases. The simulations were based on the rock salt
lattice (crystalline GST) with 512 atomic sites, where the Na and CI sites are occupied by Ge/Sb ateresqRp
and vacancies (1%), and Te atoms (5%), respectively. The Na sites are popedatandomly with Ge, Sb, and
vacancies, so that the system contains 460 atoms (102 Ge, 102 Sbh, 256 Te) and 52 vacanciesofTtie siabic
simulation boxes for the crystalline and amorphous phases are2408 24.627, respectively. The GeTe system
contains 216 atoms at the density of the amorphous pbB3@3% atoms/3, and the box size is 18.61. Ahe
corresponding values f@(-::LgTegsare0.02827atoms/,&s and19.70 A

The use oBorn-Oppenheimer MD, where the orbital eigenfunctions are optinfizedach ionic configuration, has
beendecisivein the present workThe atomic numbers of Ge, Sh, and Te (32, 51, 52) are relatively large, and an
efficient predictorcorrector methods used taconverg the eigenfunctionsThetime stepd250 and 125 a. (6.050

and 3.025fs) for initialization and data collection, respectively] are much longer than insin@ CarParrinello
approachand the approadiascrucialadvantages ithe metallic systemshat ariseat high temperatures in all alloys
discussedchere.Memory of the crystalline starting structuifeigure 1(a)]was erased by starting the simulations at
3000 K (liquid), followed by gradual cooling over 42 ps to the melting point K0T he first data collection was
performed for 2Jps at 90K, followed by cooling to 30K over 139 ps. The second data collection (at Kpas

also performed for 2fs. Finally, the system was quenched to 100 K over 74 ps, and the resulting structure optimized
using CatParrinello MD and simulated annealifigigure 1(b)]. A similar cooling procedure for GeTe took a total of
340 ps, including data collection at 1000 K (45 ps) and 300 K (26rmp#)e case oGesTegs, data were obtained at

680 K (liquid, 47 ps) and 300 K (amorphous, 31 ps) in a total simulatiorofiB@0 ps.

MD methods allow us to follow the
coordinatesR and velocitiesv; of all atoms
throughout the simulations. This leads direct
to pair correlation functiong) for pairs of

atom types and, via an appropriate Fourie
transformation, to the stcture factorS(Q)

Insight into the local order can be found frol
the distributions of the bond and dihedr
angles and by defining local order paramett
similar to those used in the theory of bina
liquids [5]. In discussing order, it is
convenient toseparate atoms into types .
(Ge, Sb) and B (Te). The vibration fre
guencies at a given temperature can

determined fron{a) simulation trajectories by

Figure 1. Simulation of GST with 460 atoms and 52 vacancies in {a
. / ) . GST and (b) &5ST. Red: Ge, blue: Sh, yellow: Te. Vacancies (caviti
Fourier trandorming the velocityvelocity are shown as light bk surfaces. A single large cavity (multivacancy)
autocorrelation  function or (b) by shown in (b).



diagonaliing the dynarical matrix calculatedor a wellequilibrated sample.

3. RESULTSAND DISCUSSION
A. Ge,Sh,Tes (GST)

The most striking feature of the partial radial distributic ez— N SR 20 T 2% dh I SUAS S 10
functions (Figure 3 is the mediumto longrange order a | Go-Tey 1y Ge-Ge
found among Te atomsp to 10 A, wih peaks at 4.16 A Al 1 b i

and 6.14 A, a minimum at 5.4 A, and additional maxir 2N “‘

at7.8 A and 9.8 A. The weak maximum at 2.95 Aand ~ _O BEERRSRS
low coordination number (0.3) show that there are f %2 B Ge's"i
Te-Te bonds. There iso significantorder at 900 KTe s2

atoms prefer coordation with Ge/Sh, with Te forming 21 | o/

the seconaheighbour shell. Thermal fluctuations in ¢ 2 ' " eb.sh |
GST |l ead to peak br oade,n N i ]
Ge-Sh, and Si8b bonds in the three phasege shown in 1IN \[W\
Figure 2. Whilethese bonds are absent WGET, they 0 Al o /{| o]
occuri n the amorphous phas 234 Dty © 00 ey Y

have small weight, and the average coordination numt
are between 0.2 and 0.Bleating to 900 K results in
significant changes in the &&e and G&b curvesthe
first peak now dominates, and the order betwéand 7
U moves to shorter range.

Figure 2. Partial RDF of a(thick black) and{GST (red/grey).
Blue curve and bars (different scale) are f@ST at 300 K.

All coordination numbers for-&ST (Ge: 4.2, Sh: 3.7, Te: 2.9) are lower than in the crystal, but larger than the values
(4, 3, 2) suNpg e utl eNis theyhuetbde ef valelce electrons. The coordinationbers show that

I-GST (900 K) is less ordered than the amorphous ®ated angle distributionaround Ge and Sb (nhot shown) show
octahedral features (a pronounced maximum at 90°and a weaker peak at 180°), and Sb is more strongly peaked th:
Ge. Radialand angular distribution functiorss well as coordination numbers show interesting differences as the
temperature changdsor details, sees] and [].

The similarities between ringagistics inamorphous and crystalline GS3ieve been proposed ake basis for the
structurd phase change in GST [[L1The statistics ofall irreducible loops (rings) in-aand FGST have been
calculatedu si ng a bond cutoff of 3.2 U anFdurfgderingsdominate théd o u n
statistics at 30&, and the contribution of ABAB rings (squares) is 86 % of the total. 52 % of atoms participate in at
leastone ABAB configurationAn example of a structure with ABAB alternation is given in Figure 4, where we also
show that an alternatirgubic structurecan occur.

300 K

a-GST 900K I-GST

I ABAB €0
I Rings

3 4 5 6 71 8 3 4 5 6 1
n-membered rings n-membered rings

Figure 3. Ring statistics for ST (300 K) and-GST (900  Figure 4. A cubic ABAB unit in aGST. A GeGe borl and a of
K). ABAB: evermembered rings with bond alternation. Sb-Sb bond are evident.



Cavities play an essential role in Ge/Sb/Te all&isce cystalline GST contains 10% vacancies38T, whose
density is 7% lower, must contain empégions (cavities or voids, see Figure \W)e have developefb] a method
for assigning cavities and determining their volupses ve estimate thathey comprise 11.8 % of the ti volume
of aGST (slightly more than in the crystal), and this incre&sd$.8 % at 900 K.

The electronic density of states (DOS) and its projections are shown in Figure 5. The DOS curves hay=akthree
structure characteristic of materials with average valence five: the two lowest bands can be assigree&tos + o n s
band), while the broad band betweBreV and the Fermi energy hagph a r a-band.rThe (cdlculations for and

a-GST show band gaps of around 0.2 eV at the Fermi energy.

Photoemission measurements have shown that there are signififerendes in the valence band DOS and the core
levels of a and eGST and other Ge/Sh/Te alloys [1Zhe differences measured by hargay phdoemission
spectroscopy (XPS, [IRare compared with our results in Figure 5. The agreement is remarkablypgoticllarly

for the DOS difference [Figure 5(c)]
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Figure 5. (a) XPS valence band spectrum ef{ihick black) and aGST (red/grey) [Ref. 12upper panel] and the calculated electronic
DOS (lower panel). (b) Theoretical DOS projected onto atentreds-, p-, and dcomponents and atomic typds) DOS difference
between 6GST and ST [from panel (a)], where positive values indicated a larger weighiGf#iTa (d) Electronic DOS of liquid GST.
The vertical dashed lines mark the Fermi energy.

The vibraton frequencies provide important structural information about condensed matter and moealiles
have calculated the frequency distributions in two ways: (a) from the Fourier transform of the welldity
autocorrelation function, calculated frdmjectories of 6000 time steps of 3.025 fs each, and (b) fromhythemical
matrix calculated from theecondorder energy derivatives of a welfuilibrated structure. The results feG&T
(Figure § show that e agreement between the results for tthe methods is very good. The most pronounced
features are peaks near 60 cand 150 critand a tail for frequencies above 180 trRrojections onto the vibrations



of different elements and structural units show that the tail is associated with th®nghod the lightest element Ge,

particularly atoms that afeurfold coordinated.
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Figure 6. Calculated vibrational density of states for a vegjlilibrated sample of&ST (VDOS, lowest curvegnd power spectra form

simulation trajectories for-&ST, for Ge, Sb, and Te, and for fourfold coordinated Ge ator@e4

B. GeTe and GesTegs

Binary alloys of Ge and Te have fascinated experimental
and theorists for decadebhey were among the first to shoy
realpromise as phase change medid [ABdthere are striking
changes on melting, particularly near the eutectic composi
GesTegs (15:85. In [5] we presented the results of simulatiol
of aGeTe with 216 atoms in the unit cell and compared
results with those ad-GST. In both cases thers mediura to
long-range order of Te atoms and the crucial structural moti
a fourme mber ed ABAB squar e
crystalline phase change can then be viewed as a reorient
of such units to form an ordered lattice. The deviations fr
the™8N66 rule that are found

We have performed simulations for the eutectic mixtt
GesTegs [6] and compare the partial RDF with those of Ge
in Figure 7. There is no sign ofedium to longrange order in
GesTegs. AmorphousGeTe has few T&e bonds, while Ge
Ge bonds are rare iGeslegs. The average coordinatior

Figure 7. Partial RDF of aGeTe and #GesTegs

at 300K. Black (thick) line, Tde; blue (peaked)
GeTe; red (middle), G&e. Insets: coordinatior
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