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Local structure of liquid GeTe via neutron scattering and ab initio simulations
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We examine the local atomic order as well as some dynamic properties of the semiconducting liquid GeTe.
We employ hot-neutron two-axis diffraction at three temperatures above the melting point and compare these
results withab initio molecular dynamics simulations. The simulations were based on interatomic forces
derived from pseudopotentials constructed within density functional theory. At the melting temperature, the
Peierls distortion responsible for the lower-temperature crystal phase is shown to manifest itself within the
liquid structure. At higher temperatures in the liquid, increasing disorder in the Ge environment determines the
eventual semiconductor-metal transition. The calculated kinematic viscosity of the liquid is found to agree with
the experimental value and is shown to arise from the small diffusion coefficient of the Te atoms.
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[. INTRODUCTION sudden increase in dc conductivity is accompanied by a den-
sity increase, indicating a structural modification of the local
The GgTe; _, semiconductor family exhibits many inter- atomic order in the liquid. For these semiconductors, neutron
esting properties, e.g., the ability to easily generate the amodiffraction has demonstrated that the coordination nunzber
phous phase and the possibility of thermally induced localncreases from the value of 4 in the crystal to a valu@ in
crystallization® Previous experiments have focused on thethe melt® Although this behavior is widely observed for IV
Te-rich compounds that are excellent glass-forming materiand IlI-V compounds, some [I-VI materialdigSe, CdTe,
als. Despite the importance of the glassy phase, the onlgnd ZnT@ remain semiconducting in the melt. For the semi-
studies examining the precursory liquid phase have been petonducting liquids, both neutron diffractidmnd, more re-
formed on the eutectic G&Te;s (Ref. 2 and GeTe (Ref. 3  cently, ab initio molecular dynamics simulatiots have
compounds. The local atomic structure of the liquids was noshown that ansp® covalent bonding configuration is pre-
elucidated in these studies. Tsuchiya and Séifobnd sig-  served locally within the liquid structure.
nificant variations in the electrical conductivity, thermoelec- GeTe presents an interesting case since it differs from all
tric power, and specific volume in the melting phase justother studied 1V, Ill-V, and II-VI semiconductors. At
above the melting point. The most striking effects are mea900°C (T,=725°C) the coordination number of the liquid
sured for the eutectic composition and are accompanied bywas measured to be S-1noticeably larger than the value of
semiconductor-metal transition. ~4 common for semiconducting II-VI liquidée.g., CdTe,
These effects are present, to a lesser extent, irsthe ZnTe, HgS¢, but clearly smaller than coordination number
ichiometric GeTe compound. The dc conductivity of GeTe ~6 found for the metallic IV and IlI-VI liquids. A coordina-
upon melting is only 9% higher than that of the solid tion of 5.1 is intermediate also for liquid chalcogenides
(2600 Q" tcm ! versus 24000 'cm™Y), classifying (IV-VI materials), and it falls in between the coordination
GeTe as a semiconductbrUpon further temperature in- numbers of the lightest IV-VI liquid compound$nS and
crease, the dc conductivity of the melt increases very rapidlysnSe and the heavier liquid SnTe.
and reaches the values typical for mefaldowever, this Two structural models have been proposed for the amor-
behavior is not accompanied by any anomalous variation ophous phasea-GeTe), a more studied state of GeTe. The
specific volume and thermal expansion coefficient as wafirst model, assuming complete chemical disorder on the ba-
observed for the eutectic composition. sis of x-ray and electron diffraction, extended x-ray absorp-
The main physical aspects of the melting process of GeTéon fine structure(EXAFS), Raman, infrared, and inverse
have been previously characterized by Glaeoal.” Yet the  photoemission spectroscopies, suggests the coordination to
structure of the liquid and, especially, its relation with thebe 4 (for Ge atoms and 2(for Te atom$.*?> Another model,
semiconducting behavior of the melt remain unclear. In conbased on neutron diffraction and Ssbauer spectroscopy,
trast to most tetrahedrally coordinated semicondudterg., supports a @5e):3(Te) local order, closer to the crystalline
IV, 11I-V, and some 1I-VI), melting in GeTe is not associated one®® To date, there has been no evidence for chemical dis-
with a semiconductofSC)— metal(M) transition’ For com-  order in the amorphous or liquid phase. Neither of the two
pounds experiencing a SEM transition upon melting, the structural models support a structure of liquid GelF&gTe)
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o—0—0—0—00 oO-00-00 ratio of valence orbitals and opens a gap at the Fermi
level1®) The A7 structure can be imagined by starting with
the B1 (NaCl-type structure and then alternatively shorten-
ing and elongating bonds in thgl00), (010, and (001)
directions with a slight modification of the bond ang(€égy.

1). In the A7 structure, the coordination number is 3. At the
temperature of 430°C;-GeTe undergoes a phase transition
and the cubi®1 structure is recoveregB(phase,'®’ which

has a coordination number of 6. The lattice and other struc-
tural parameters for thé&7 andB1 crystal structures are
given in Table 1.

A fundamental understanding of the bonding mechanism
of GeTe is crucial to explain the SC-SC type of melting and
the rapid increase of as the temperature increases further,
especially in the Te-rich part of the phase diagfafmother
possibility is that the local ordering in the liquid could be
significantly different from that of the crystalline forms. A
similar model has been proposed to explain the liquid state
order in GeSe, which exhibits features similar to GeTe in
both the solid and molten phas¥s®In both of these expla-

FIG. 1. Schematic view of the Peierls distortion. The undistortednations of thd -GeTe microstructure, the evolution dicom-
structures are represented on the left and the Peierls distortion, ddined with SC-type conductivity is inconsistant with the
the right. Top: one-dimensional chain of half-fillsdrbitals. Cen-  Joffe-Regel rule or with the hypothesis of perfect chemical
ter: simple cubic structure with half-filled p orbitalarsenic case  ordering in the liquid. Also, the reasons for the gradual evo-
The shorter covalent bonds are represented by thick lines, thiation of the liquid system to a metallic state remain unclear.
longer by dashed lines. Bottom: actual A7 and B1 structures of |n our previous WOI’|(2,0 we found evidence for a Peierls
GeTe. distortion using molecular dynamics. This distortion charac-

terizes low-temperature-GeTe, vanishes in the higher-
with 5.1 nearest neighbors. Such a structure has been intelemperature cubi81 phase, and reappears in the liquid. As
preted as a sixfold-coordinated one with a certain concentrawas demonstrated in Ref. 15, the concept of a Peierls distor-
tion of vacancies in the first shéft. This kind of structure tion can be applied to a disordered structure providedithat
might explain the decrease in densityy 6.7% observed there is a short-long alternation for the bond lengtthés
upon melting. However, this explanation is not consistentalternation in two coordination shells is sufficient to open at
with the definite SC behavior dfGeTe, since a disordered least a pseudogap at the Fermi lgyéii) the bonding angle
sixfold-coordinated structure would involve a metallic typeis close to 90°, andii) there is a “sufficient” chemical order
of conductivity with an appreciable jump in dc conductivity (in the case of a binary allgy So there is no need for an
upon melting, as for group 1V and IlI-V liquids. intermediate-range order or any longer periodicity to be able

The empirical rule of Joffe and Red@is a practical cri- to apply the Peierls distortion concept, which in a liquid
terion to determine the SC behavior of a liquid. It states thamight as well be called a “Jahn-Teller” distortion. In Ref.

a crystalline semiconductor retains its semiconducting prop20, we showed that thieGeTe structure verifies these three
erty in the liquid phase if the local atomic ordering is pre-requirements.

served upon melting. Although this rule may apply to de- In the present paper we describe in details the structure of
scribe the melting of SnS, SnSe, or GeSt clearly fails  |-GeTe, analyze the dynamics of the atomic motion, and ex-
when considering GeTe. The change of the coordinatiomlain the variations of the dc conductivity in the melt. In the
number from 3 to~5 suggests that there is an importantfirst part of the paper, we present results of neutron diffrac-
modification in the local environment. tion experiments used to obtain additional data at 740° C and

In its low-temperature crystalline phasthe « phas¢, 800 °C and the first-principles technique used to simulate
GeTe (€-GeTe) assumes th&7 structure. The structure re- the liquid phase. We summarize the low- and high-
sults from a Peierls distortion of a cubBl phase of temperature crystalline phases of GeTe in the second section.
c-GeTe.(The nature of the distortion depends on the filling In the third section, we analyze the structure of the liquid and

TABLE I. Crystallographic parameters after Ref. 17. In thé phase, atoms are located im,|,u) and

—(u,u,u).

Phase a(A); a (deg; u z r, (R) r, (A) Bond angle
a (20°C) a=5.985; 88.17°; 0.238 83 2.84 3.15 94.16°
B (432°C) a=5.999, 90°; 0.250 6 3.00 4.24 90°
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discuss in detail the partial correlation functions and angulax 1017 s). Starting from theB1 configuration, the liquid
distributions. In the next section, we address the dynamics ofias thermalized at 6000 K during 3 ps. At this high “fictive”
the system via the diffusion coefficient and the self part oftemperature, the memory of the initial condition was re-
the Van Hove correlation function. Finally, we discuss themoved. After this randomization process, we gradually
electrical properties of the simulated liquid. cooled the system down to the final temperature of 1000 K
during a period of 3 ps. After 1.4 ps the liquid began to
overheat and required rethermalization, which took 2 ps, be-
fore conducting the simulation during another 1.6 ps. The
A. Experiment structural results we present in this paper are thus averaged
over the configurations gathered during 3 ps at the final tem-
perature, while the dynamical data are only averaged over
the 1.6 ps uninterrupted simulation.

II. TECHNIQUES

We studied a Ge-T¢50:50 sample prepared by mixing
pure elements in a silica tud® mm internal diameter and
1-mm-thick wallg. The tube was sealed in vacuum with a
minimized “dead” volume to avoid the change in composi-
tion upon melting due to the volatilization of the lightest [ll. CRYSTALLINE GeTe:
element. Repeated heatings up to a temperature above the LOW- AND HIGH-TEMPERATURE PHASES
melting point have been performed to ensure a complete ho- . . W16 .
mogenization of the compound and to test the corrosion Ofa The phase diagram of GEe,_ is quite rich-® In particu-

the container. The corrosion was negligible, which allowed r, there ar? three dlffe(;err\]t cr%/s:]alltljnel prr:ases: tr:je low-
us to have a long experimental time at high temperature. €Mperature face-centered rhombohedral phaseA7) de-

A neutron diffraction experiment was done on the tWO_scribed above, the fa}’ce-c.entered-cubic phaﬁsea(l) Whiﬁg
axis 7C2 spectrometer in Leon Brillouin Laboratd@EA- ~ @Ppears around 432 °C with a volume contraction-df%,

Saclay. The sample container was placed in a vanadium foi@"d finally an orthorhombic phase\ which is observed at
furnace, generating heat via the Joule effect. The whole caJOW temperatures fokge>50.5%. o

ity was maintained under high vacuum. Resistors were BOnding has been extensively described in thand g
placed above and under the sample container to avoid uncoRP'@ses: The Baldereschi method gives a detailed description
trolled convection and temperature fluctuations in the®f the electronic charge densiti€sIn the rhombohedral
sample. We used 0.7035-A-wavelength neutrons issued frof@se, the structure can be attributed to almost ppreand
the hot source of the reactor to reach the maximum transfd?P7 bonds. On the other hand, a significant contribution
vector () of 15.9 A 1. This ensured minimal cutoff oscil- from s states is ob_s_erved in the cubic phase. A detal_led_ study
lations in the Fourier transform of the data. The data wer® the a-8 Jransition has been done by first-principles
recorded on a 640-cell detector and analyzed in a standaﬁ?lcmat'onso’- The band structure and pseudocharge densi-
Paalman-Pings procedufbAfter processing the spectra for ties support a sn”_nple t|ght—b|nd|_ng picture of the bonding as
the sample and furnace contributions, a correction for multhe s states are filled and bonding is ensuredppo reso-
tiple scattering was performed using the Blech-Averbactances: this favors the Peierls distortion mecharifsithis
coefficient?? Standard corrections have been applied to acdriving force for the Peierls distortion is somewhat counter-
count for the inelastic and incoherent scatteAhghe abso- balanc(()ad by the ionic interaction, which stabilizes the cubic
lute normalization was checked by comparing the asymptoti@hasfé _

scattering value at high angles with the one obtained with the With the same pseudopotentials used for the molecular
scattering on a vanadium rod with the same diameter as tHdynamics simulations df-GeTe, we calculated the total en-

sample. Three data sets have been recorded for 12 h at 7&/9Y of the various crystalline phases. For the crystalline
800, and 900°C. phase calculations, we used an energy cutoff of 15 Ry and

sampled the Brillouin zone with 28 irreduciblepoints. In
our calculations, thex phase is the stable one. The cell pa-
rameters of thex phase are reproduced within less than 1%
An ensemble of 64 atoms was used in a superceliccuracy €=5.95 A, @=89.09°,u=0.2335). Figure 2
geometry for our simulations. The size of the supercell washows that the configuration space around the energy mini-
adjusted to the experimental liquid density p ( mum is very flat and elongated along compression ofahe
=0.0335 atoms/A%, a=12.4 A)® The interatomic axis with fixede (the distances between Ge and Te atoms is
forces were computed quantum mechanically using pseudaelaxed for all values ot and «). This is related to the
potentials within the density functional theory and the localanisotropic compressibility of the layered structure. Com-
density approximatioLDA). We employed a plane-wave pression perpendicular to the double atomic layatsng the
basis for the expansion of the electronic wave funcfibns (111) direction is easier since interlayer bonding is mostly
and we used Troullier-Martins peudopotentfalswith  due to van der Waals interactions.
Ceperley-Alder correlatio® We chose an energy cutoff
equal to 9 Ry. To prepare the liquid ensemble, we performed IV. STRUCTURE OF THE LIQUID
Langevin dynamic$*?"-%|nitially, we thermalized the lig-
uid using a fictive heat bath and then removed the heat bath The total structure factds(q) of |-GeTe obtained by neu-
to examine the true dynamics. The time step used to integrateon diffraction is represented in Fig. 3. It is worth noting
the equation of motion is taken as 300 a.u. (1 a4 thatS(q) significantly differs from those of liquid GeSe and

B. Simulation
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FIG. 2. Total energy as a function of the reduced cell parameters o5 5.0 75 10.0

in rhombohedral notation. Contour lines are drawn with a spacing 2 (A)
AE/E equal to X10—6.

FIG. 4. Pair correlation functiong(r) (dots. The lines are the

GeSM1819 particularly in the region of the second pegk 9(r) computed from the filtere&(q).
~3 A1 which is represented by a small shoulder in . . _
[-GeTe. This feature is well defined as a separate peak iﬁmeared out Of. the spectrum. The pair corre!atlon fungnons
both liquid GeSe and GeS. The disappearance of the secof? I-G_eTe obtr_;uned from the_ neutron scgtterlng experiment
peak inl-GeTe cannot be attributed to the difference in co-dT€ given on Fig. 4. The densipy was obtamgd from R?f'.G'
herent scattering cross sectiomssinceo(Te) is intermedi- The calculatedy(r) do not show any qualitative variation

ate to o(Se) anda(S) 3! The peak disappearance must beWith temperature, but the quantitative evolution of the coor-

related to the different structure dfGeTe compared to dination numbgr IS not negI|g|2bIe as noted in _Table.Zl_.

[-GeSe and-GeS. The difference is more pronounced as thecalculated by integrating #por “g(r) up to the first mini-
um (r.=3.48 A), decreases significantly when lowering

temperature increases: the second peak is progressiv . . o . ;
P P prog to the melting point. The value & indicated in Table Il is

corrected from the difference in scattering lengths of Ge and

251 Te assuming a complete chemical ordering:
Zm(bGe bTe )
Zeon=—| 284+ 1212, 1
corr 4 bTe bGe ( )

whereb; is the coherent scattering length of atoandZ,, is
the coordination number obtained by integratiorgéf).

As shown in Table Il, the coordination number measured
in the liquid phase is intermediate between those of ¢he
phase Z=3, layered structupeand of the phase =6,
cubic structurg As the temperature approachg&s, from
above, the coordination numberleGeTe becomes closer to
that of thea phase. It is interesting to note thatliGeTe the

TABLE IlI. Distances, bonding angle, and coordination number
in the crystalline and liquid phases.

GeTe r, (A) rolry Angle Zeor
20°C (@) 2.843 1.107 94.16° 3
432°C (B) 300  1.41(=.2) 90° 6
740 °C(lig.) 2.722) 1.442) 92°(4)  3.9050
800 °C (liq.) 2.722) 1.442) 92°(4)  4.74550)
FIG. 3. ExperimentalS(q) (dots. The lines are obtained by 900 °C(lig.) 2.742) 1.422) 91°(2)  5.0350)

applying a high pass filter to the computg(t).
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1.5

a(r)

2 4 6 8 10 12 _22é3 : . . .
T
aA’) r(A)
FIG. 5. Calculated structure fact&(q) at 1000 K(plain line) FIG. 6. Calculated total pair correlation functiotrigat 1000 K

Compared with neutron diffractio§(q) at 1173 K(symbols. BOL(plain line) compared with neutron diffractiag(r) at 1173 K(sym-
tom: partial _S'[I’l:ICtUI’e factorgshifted by —1) (Sgete thick line; bols). Bottom: the partialy(r) (ggero thick line; ggece gray line;
Scece gray line;Srere dots. OreTe dOtS. The partials are shifted for clarity.

nearest-neighbor distancg is lower by 4% to that in ther  the pypothetical tetrahedral order proposed rec&htty the
!ohase, while the estimated second-nearest-neighbor d'Stanﬁ%orphous state to be inappropriate for the liquid, although
is larger than inx-GeTe. _ _ _ the total coordination number is close to 4.

These observations cannot be interpreted by invoking a The atomic order inside the liquid is different from the
vacancy model of the_melt, i.e., an (_)ctohedral Ioc_al eNnViroNgystalline phases of either the or B structures. A similar
ment with a surrounding concentration of vacané@swas  gpseryation, based on the partiglr) obtained by isotopic
discussed previouslyIn such a model, the interatomic dis- g pgtitution and neutron diffraction, was recently made for
tance would not be larger than that of the crystal. However, fiquid GeSe s The heteropolar coordination number is im-
lowering ofr, could be observed if the cubic local order of portant as it is very close to the value of 3 found in the
the B crystal distorts similarly to the: phase. The asymmet- peieris_distorted structure of the phase. This suggests that
ric shape of the firsg(r) peak suggests that the distanceshe strycture of the semiconducting liquid, just above the
inside the first coordination shell amot equivalent. The melting point, might be closely related to thephase.
larger volume of the liquid phase favors the Peierls distortion 114 degree of chemical order may be measured by the
interpretation and, consequently, the creation of both Shorte\i\/arren-Cowley parameter for liquidé:
and longer bonds within the first shéfl.

The partial structure factors of Fig. 5 were computed by _
Fourier transforming the partial pair correlation functions ob-
tained from the molecular dynamics. We used the bound co-
herent scattering lengths of each element to obtain the total
structure factofin the Faber-Ziman definitid?). The overall
agreement with the 900°C experiment is excellent, espe-
cially for the right shoulder of the first peak around 3 A
As we noticed before, the shoulder amplitude decreases
when loweringT (see Fig. 3. Since the major partial contri-
bution to the shoulder comes from tBg. 1 and Sgece par-
tials (Fig. 5, we can predict it is mostly the Ge atomic en-
vironment that is modified fol closer toT,,.

The totalg(r) is accurately reproduced by the simulation.
The total and partiajj(r)’s are presented in Fig. 6. The total
and partial coordination numbers of Table Il indicate that
the major contribution to the totaj(r) comes from Ge-Te L2l l l l
bonds. There is a significant fraction of homopolar bonds 30 60 90 120 150 180
contributed largely by Ge-Ge bonds. The total coordination Angle (degrees)
of Ge atoms is larger than for Te atoms. It is clear from Fig.

6 that Te atoms repel each other outside the first coordination FIG. 7. Bond angle distributions, normalized by #(n simu-
shell [grete(r) <1, for r<3.15 A]. As such, we believe lated liquid GeTe.

— Ge-Te-Ge
oeeees Te-Ge-Te

|
s~
Jra

W

Bonding angle distribution
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TABLE lll. Total and partial coordination numbers in the crystalline and liquid phases. The first shell is
defined byr..

ZGeTe ZGeGe ZTeTe ZGe ZTe ZTotal
20°C (a) 3 0 0 3 3 3
432°C (B) 6 0 0 6 6 6
740°C(sim) 2.879) 2.5609) 1.1%9) 5.4319) 3.9918) 4.7019)

90° and 180°, with an additional minor peak around 60°
present in Te-Ge-Te. The other distributions are almost fea-
tureless and flat between50° and 130°-150°.

o= 1_ZTeGe/[CTeCGe(ZTe+ ZGe)] (2)
X 1-Z,/[CreCoe(Z1et Zge)]

where ct.=Cg=0.5 are the concentrations in Te and Ge,

Direct evidence for a Peierls distortion in the liquid is

and the subscript=Ge,Te. Ifa, =1, there is a perfect order given by the angular limited triplet correlatiofALTC)

(regular alternation of the atomic spedieff a,=0, the
structure is a random mixture. Another extreme casge

functior™ plotted in Fig. 8. The ALCT functiom,ng(ry,r»)
is a probability function normalized to that of an ideal dgats

=—1 stands for a complete phase separation. In our simuhe same densily The function corresponds to a probability

lations,ag.=0.17+0.02 andwt,=0.32+ 0.05. It means that

of finding an atonC at a distance, from an atomB, which

the local environment remains partially ordered especiallyis at a distance; from the reference ator. A constraint is

around Te atoms.

between all possible triple#s-B-C. AtomsA, B, andC form

placed on the position of ato@. Namely, theBC bond is
We can also extract information on the liquid structurecontained in a cone of small angular apertginere, 10°)

from the angular bonding distributions shown in Fig. 7. Toaround theAB axis. At high temperaturénitial configura-

construct the angular distributions, we calculated the angleon thermalized at 6000 X there is no correlation between

the lengths of two successive bonds. At the final temperature

the tripletA-B-C if AandC are in the first shell of reference of 1000 K, a correlation appears: a “short” bond of length

atomB (or, in other words, iffRy—Rg|<r. and|Rg—R|

is most probably followed, within the angular aperture of the

<r.). The angle is defined as the angle between referenceone, by a longer bond of lengty and vice versa. This is
atomB and atomsA andC. The distributions were calculated the structural signature of the Peierls distortion of te
using the same cutoff radiug. for all types of bonds and phase. On the same plot, we also present ALTC function for
normalized by the sine of the bonding an@leso that they a particular chemical order in the triplets. There is a strong
would be flat in the case of the perfect gas. The heteropolazorrelation when the triplet has an alternating or¢ée-
triplets angular distribution have pronounced maxima arounde-Ge or Te-Ge-Te tripletswhile there is almost negligible

4'0_-§ 4 == B 400
3.5 €5 - W 350
' \ e B 300
3.0 ) H 250
s B 2.00
251 . 150
6000K total 100
2.0 = - , -
o 050
' ) o 0.00
0 Sfa &
- % o A\
Q
i) \)
3.0 Pl /
() 8O (@]
N
”‘
" 1000K non A-B-A _1000KA-BA
20 25 30 35 40 20 25 30 35 40 (1A
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FIG. 8. Angular limited triplet
correlation  function gang(r,r’)
(see texx for an angular aperture
of 10 °. The contour lines are ob-
tained by averaging over 300 time
steps(2.1 p9. Top of the figure:
total gang(r,r') at 6000 K(left)
and 1000 K(right). Bottom of the
figure: partialgang(r.r') for non-
alternating A-A-A and A-A-B
triplets (left) and alternating
A-B-A triplets (right).
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kgT

= 67TroD ' (4)

where r, is the radius of an atomic sphete.Using r,
=(p 3, with p the liquid density, we obtain a value of
2.54 cP, which is of the same order of magnitude as the
experimental value~1.9 cP measured by Glazov and
Shchelikov at 900 °€.

However, the atomic displacements are not restricted to a
simple Brownian motion. To quantify this deviation, we con-
sider the self-part of the Van Hove functigautocorrelation
functior’®) defined by

N
00 02 04 06 08 1.0 12 14 1.6 GS(Fat)z(l/N);L<5(Fi(t)_Fi(O)_F)>- (5)
time (ps) -

FIG. 9. Mean atomic squared displacement vs time in atomicThe average o6G4(r,t) over all angles is the probability that

. : an atom is found at timé at a distance of its initial posi-
units, for separate Ge and Te species and for all at(@BeTe . .
curve P P tion. We plottedfy(r,t)=4mr2Gg(r,t) for different values

of time in Fig. 10. Each curve is obtained by averaging over
200 initial time steps and over all atoms of each kind. If the
atoms follow a Brownian motion with the same diffusion
coefficient,f(r,t) should be Gaussian in the hydrodynamic
limit*° (dashed lines with the peak broadening and shifting
toward largerr with time*® We plotted in Fig. 10(dotted
lines the modelfy(r,t) built with the diffusion coefficient
values obtained by Ed4):

correlation for nonalternating triplets. The location of the
correlation maximum r;~2.8 A, r,~3.3 A) is quite
similar to the first and second neighbors distances inathe
phase(2.84 A and 3.15 A, respectively

By comparing the high-temperatufé000 K) and low-
temperaturg¢1000 K) simulated liquidgFig. 8), we see that
the chemical ordering increases fbrapproachingr,,. This
corresponds to more atoms having their local environment ) )
Peierls distorted: the coordination number should decrease F(r )= r ex;{ _ r_)
towards the value of 3.@ue to the presence of some Ge-Ge S (4mYyDt)32 4Dt)"
bonds and the liquid electrical conductivity should decrease.
This is in agreement with our neutron diffraction data as well | |-GeTe, the global evolution of(r,t) with time for

(6)

as with the electrical measuremefits. Ge atoms is very close to the Brownian diffusion model. This
is not true for Te atoms. Thiy(r,t) first peak rapidly splits
V. DYNAMICAL ASPECTS into two subpeaks with typical time larger than 0.5 ps. At 0.5

ps, these two peaks are located arourd0 A and Rp
=0.5-0.6 A and a minimum appears around 0.4 A while
the hydrodynamic limit would give a maximum around 0.4
A. This is a dynamical implication of the existence of the
- - 2 Peierls distortion in the liquidRy is comparable to the dif-
D= "m<|ri(t)—ri(0)| ) 3) ference between the first and second neighbor shell radii in
t—oo 6t ' the liquid, r,—r4. This backs up the interpretation of the
local environment as a distorted octahedron, with a short
where the brackets denote the average over all particles anghnd ¢,~2.8 A) facing a longer bondr4~3.3 A) and the
Fi are the atomic positions. In Fig. 9, we plotted the squaredlynamical swapping between them. Another interpretation of
atomic displacement as a function of time. For the partiakhis phenomenon is that there are two pseudoequilibrium po-
atomic diffusivities, we obtainDg.~1.5X10"° cn?s™!  sitions of the center of the octahedron. This allows a simple
and D1¢~0.4x10 ° cn?s . The appreciable difference “floating octahedron” model for the local ordésee Fig. 11
between the diffusivitiesalmost by a factor of Jof Ge and  The majority of Te atoms are centers of the distorted octahe-
Te cannot be accounted for simply by the mass differencedra and have a significant rate of hopping to another pseudo
The fact that Ge has a higher mobility rather expresses thequilibrium position inside the octahedron. The instanta-
fact that a part of the Ge atoms move freely in the liquid,neous configuration is almost the same as in dherystal
while the remaining Ge atoms bond with Te. These Te atoméwith thermal broadeningwith a dynamical switching of the
can be imagined as attached to their three Ge neighbors amand lengthsr; andr,. This effect is not seen in the Van

A direct way to quantify atomic dynamics comes from the
diffusion coefficientD. It can be directly extracted from the
atomic displacement as a function of time:

“dragging” them as they diffuse. Hove self-correlation function of Ge atoms due to their high
The shear viscosity is related to the diffusion coefficientmobility and the numerous Ge-Ge bonds.
of the liquid. In our case we use Stokes-Einstein forrifuia This model provides a summary of all the structural in-

obtain a rough estimate of the viscosity of a dense liquid: formation obtained from the simulation: Te atoms have three
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FIG. 10. Self part of the Van
Hove correlation functiorfig(r,t;),
for t,=0.096-0.96 ps (200
time steps Thet;=0.096 curves
are averaged over 400 initial time
steps; thet;=0.96 curves are av-
eraged over 200 initial times. The
dashed curves correspond to the
hydrodynamic limit and are com-
puted using formuld6).

00 04 08 12 16 20 24 00 04 08 12 16 20 24
r(A) r(A)

first Ge neighbors at a distancd~2.8 A (Tables Il and in |-GeTe was calculated in Ref. 20 where it was
[11). In the directions of these three neighbors, there is a highlemonstrated that the Fermi level resides within a local mini-
probability to find the next atom at the distang® mum of the DOS. It also has been demonstrat¢dat the
~3.3 A (Fig. 8), and the Ge-Te-Ge bonding angle is peakedmajor bonding character of the levels in the vicinity Bf

at 90° (Fig. 7). Finally, we see in Fig. 1Qright) that many of  corresponds to Te- and Gep-like orbitals. The angular dis-
the Te atoms make “jumps” with an amplitude ef0.5 A tribution of the heteropolar triplets peaking at 90Fig. 7)

on top of the diffusion and the time scale for this jump, oralso promotes the Peierls distortibh.

“switching,” is of the order of 0.5 ps. In our simulated liquid, we can determine the optical con-
ductivity of the melt using the Kubo-Greenwood forméta.
The conductivity is determined by the sum of all possible

VI. ELECTRICAL PROPERTIES dipole transitions at a given frequency:

Experimentally, the electrical dc conductivity of
|-GeTe (2600Q 'cm™ 1) does not change significantly
from that of the crystal at the melting temperature“r(“’)
(2400 O~ tcm 1), As the temperature increases in the melt, 9 me?
the dc conductivity also increases; this represents a semicon- ZLE > (bl Pl ) |2(Ep— Epy—fi)
ducting behavior of the liquifi.The density of state€DOS) 3mlwQ im aixyz " v ’

()

whereE; and; are the eigenvalues and eigenfunctions and
Q) is the volume of the supercell.

Although our LDA calculations do not avoid the band gap
problem?? the above expression appears to give a good es-
timate for the dc conductivitf In addition, it provides a
reasonable tool to distinguish between metallic and semicon-

FIG. 11. Schematic view of the “floating octahedron” local or- dUCt'ng, characters of a Ilquﬂc?.The extrla.polatlon obr(w) to
der. The black and gray disks distinguish the two atom types. Thé&” =0 gives ay?lug of the dc conductivity between 3000 and
center of a perfect octahedron is unstable vs two uncentered loc4000 Q™ cm™* (Fig. 12. This agrees with the experimen-
tions. The distances between these two locations is roughly givefal value of 310Q2 ! cm™* measured at 900 °€Moreover,
by RD (see text The three shortest bonds are drawn in thick blacko(®) increases withw to reach a maximum between 1.5 and
lines and the three longest bonds are drawn in gray. The octahedréh €V. This is the signature of a semiconducting liquid as
edges are represented by dashed lines. o(w) would decrease fromm=0 in the case of a metal.

115205-8



LOCAL STRUCTURE OF LIQUID GeTe ... PHYSICAL REVIEW B5 115205

in the high-temperature solid phase, is observed to reenter
upon melting. Molecular dynamics simulations confirm the
Peierls distortion on the basis of the following evidence in
the melt:(i) structurally: the averaged local environment has
alternation of short and long bonds along with the bond
angles close to 90° characterizing the Peierls distortion;
electronically: pronounceg-electron bonding and strong
semiconductor character @f(w); (iii) dynamically: atoms
of Te for which the Peierls distortion is more pronounced
3000 have a much smaller diffusion coefficient and a tendency to

hop between the centers of a distorted octahedron. The reen-

trant Peierls distortion is directly dependent on the chemical
cene b b b b benn b order. At high temperatures, chemical ordering disappears as
o 1 2 3 4 S5 6 7 does the Peierls distortion. This appearance of the Peierls
hw(eV) distortion is responsible for both the SC-M transifiand

the decrease of the coordination number observed by neutron

FIG. 12. Real part of the optical conductivity computed with iffraction. Our study suggests that other IV-VI compounds
formula (7) and averaged over ten instantaneous configurations. such as GeSe could exhibit a similar behavior.

6000 [~

5000 |~

_1)

o (QA cm
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o
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