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Stability of the chain structure in liquid K xTe1Àx „xÄ0.0, 0.2, and 0.5…:
Ab initio molecular-dynamics simulations
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The stability of local chain structures formed by Te atoms in liquid KxTe12x mixtures (x50.0, 0.2, and 0.5!
is studied byab initio molecular-dynamics simulations. It is confirmed by investigating the atomic and elec-
tronic structures that atx50.2, the chain structure of Te is stabilized by the presence of K atoms compared
with the pure liquid Te, and that, at the equiatomic concentration, most of the Te atoms form the Te2

22 dimers,
as expected by the Zintl rule. From the time evolution of local atomic configurations, it is found that the Zintl
Te2

22 dimers interact with each other, and the bond breaking and the rearrangement of dimers occur rather
frequently.
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I. INTRODUCTION

Liquid Te exhibits metallic properties with an electric
conductivity of about 2000 (V cm)21 near the melting
point, while its solid phase is a typical semiconductor. It h
been experimentally known1–3 that the electrical conductiv
ity decreases monotonically with the addition of alkali e
ments; at 50% of alkali concentration, it is only abo
1 (V cm)21. Both experimental4–6 and theoretical7 studies
have suggested that this metal-semiconductor transitio
the liquid alkali tellurides is closely related to the change
the chain structure of Te atoms by adding alkali element

The neutron-diffraction experiments4,6 for liquid KxTe12x
and RbxTe12x mixtures showed the persistence of covalen
bonded Te atoms in the liquids. For lower alkali concent
tions x<0.2, the measured structures are similar to tha
the pure liquid Te. However, the separation of the first pe
of the pair distribution function from the rest of neighbo
becomes clear when alkali elements are added, and the T
coordination number decreases with increasing alkali c
centration. In the case of the equiatomic mixture K0.5Te0.5,
the measured structure shows a virtually complete pairing
Te atoms that are identified with Zintl ions Te2

22 .
Recently, ab initio molecular-dynamics ~MD!

simulations7 were carried out for liquid RbxTe12x mixtures
(x50.0, 0.2, and 0.5!. It was shown that the interchain in
teractions are suppressed by Rb1 ions, and therefore the T
chains are relatively stabilized in comparison with the p
liquid Te. Forx50.5, more than half of Te atoms form Te2

22

dimers, which are mixed with short Te chains and Rb1 ions.
These results are consistent with the experimental obse
tions. It was also shown by calculating the partial density
states that almost complete charge transfer from Rb to
occurs in the mixtures. The spatial distribution of the tra
ferred charge in the Te chains was investigated. The struc
of liquid KxTe12x mixtures was also investigated byab initio
MD simulations.8 It was reported that Te dimers are forme
in the equiatomic K0.5Te0.5 mixture.
0163-1829/2001/63~9!/094206~6!/$15.00 63 0942
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It is, therefore, undoubted that the Te chains are stabili
by adding alkali elements so as to reduce the numbe
threefold-bonded defects4 that are believed to be contained
pure liquid Te and are responsible for the metallic cond
tion, and that there exist the Zintl ions Te2

22 at the equi-
atomic concentration. These facts explain the decrease in
electrical conductivity with increasing alkali elements. How
ever, there have been no quantitative discussions abou
stability of the Te chain in liquid alkali tellurides. Especiall
it is interesting to investigate the stability of the Zintl ion
Te2

22 in the liquids. In the structure of crystalline alkali-T
compounds at the equiatomic concentration,2,9 all Te atoms
exist as Te2

22 dimers, being consistent with the Zintl rule
10,11 which suggests the presence of Te2

22 dimers if a com-
plete charge transfer from the alkali atom to Te occurs. Si
the results of theab initio MD simulations7 showed that the
charge transfer is almost complete in the liquid alkali tel
rides, there is an indication that the Te2

22 anions are also
stable in the liquids. However, in the snapshots of the ato
configuration obtained by the MD simulations, there ex
short chains that consist of more than two Te atoms
isolated Te atoms, as well as the Te2

22 dimers. It is, there-
fore, worthwhile investigating the stability of the Zintl an
ions.

To study the stability of polyanions predicted by the Zin
rule,10,11 severalab initio MD simulations have been carrie
out for liquid mixtures, such as KSi,12 NaSn,13 LiPb,14

NaPb,15 KPb,16 CsPb,17 and KSb.18 In the liquid mixtures of
group IV elements with alkali metals, the Zintl anions a
supposed to have tetrahedral complexes. In the liquid K
~group V element! mixture, chainlike polyanions are consid
ered to be present. However, no theoretical study for inv
tigating the stability of Zintl anions in the liquid alkali grou
VI element mixtures has been reported so far.

In this paper, we present the results of ourab initio MD
simulations for investigating the dynamic properties of t
Te chain structure in liquid alkali tellurides, especially th
stability of the Zintl ions Te2

22 . In the liquid alkali-Te mix-
©2001 The American Physical Society06-1
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tures, only for K-Te mixtures the neutron-diffraction me
surements were carried out for higher alkali concentrati
~up to 50%!. Therefore, we have chosen to calculate
properties of liquid KxTe12x mixtures so as to compare th
calculated structures with the experimental results.

In Sec. II, the method ofab initio MD simulations used
here is briefly described. The results of our simulation a
discussions are given in Sec. III. Finally we summarize
work in Sec. IV.

II. METHOD OF CALCULATION

Our calculations were performed within the framework
the density-functional theory, in which the generalized g
dient approximation19 was used for the exchange-correlati
energy. The electronic wave functions were expanded in
plane-wave~PW! basis set. The energy functional was min
mized using an iterative scheme based on the preconditio
conjugate-gradient method.20–22 For the interaction betwee
the valence electrons and ions, we used the ultra
pseudopotentials23,24 obtained from the electronic structur
calculations for K(3p63d04s1) and Te(5s25p45d0) atoms.

The cubic supercell contains 80 atoms and the perio
boundary conditions were imposed. The simulations w
carried out at three K concentrations; KxTe12x with x
50.0, 0.2, and 0.5. The temperatures and densities
(750 K, 0.0272 Å23), (710 K, 0.0244 Å23), and (710 K,
0.0196 Å23) for x50.0, 0.2, and 0.5, respectively. Usin
the Nose´-Hoover thermostat technique,25,26 the equations of
motion were solved via the velocity Verlet algorithm with
time stepDt52.4310215 s. TheG point was used for the
Brillouin-zone sampling, and the PW cutoff energies for t
wave functions and the charge density are 10 and 65
respectively, which are chosen so as to give a good con
gence of the total energy. The quantities of interest are
tained by averaging over about 5 ps after the initial equ
bration taking about 2 ps.

III. RESULTS

A. Atomic structure

In various kinds of partial structure factors to character
the structure of a binary mixture, we employ the Ashcro
Langreth formulas,27 which are defined as

Sab~k!5~NaNb!21/2F K (
i 51

Na

(
j 51

Nb

exp$2 ik•~ra i2rb j !%L
2~NaNb!1/2dk,0G , ~1!

whereNa is the total number ofa-type atoms, andra i is the
position of i th a-type atom. TheSab(k) for x50.2 and 0.5
are shown in Figs. 1~a! and 1~b!, respectively. TheSTeTe(k)
has a peak at aboutk51.1 Å21, which becomes higher with
increasing K concentration. In theSKK(k), the corresponding
peak is recognized forx50.2 Å21. For x50.5, this peak
becomes broad, and a dip appears at aboutk52.5 Å21. The
SKTe(k) has a negative dip at aboutk51.1 Å21, a first peak
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at aboutk52.1 Å21, and a oscillating profile at largerk
.3 Å21. This behavior of theSKTe(k) becomes marked
with increasing K concentration.

Before we investigate the dynamic properties of a
chain structure in the liquid mixtures, it is important to co
firm, by comparing calculated atomic structure with the e
perimental data, that our simulations are correctly carr
out. We show in Fig. 2 the structure factorsS(k) for three K
concentrations,x50.0, 0.2, and 0.5. The calculatedS(k)
shown by the solid line is obtained from the partial structu
factors with the neutron-scattering lengths (bTe55.43 fm
andbK53.7 fm). The dashed and dotted lines show the
sults of neutron-diffraction measurements.4,6,28 We can see
that the overall profile of the measuredS(k)’s of the pure
liquid Te and the liquid K0.2Te0.8 are reproduced fairly well
by our simulation and that the calculatedS(k) of the liquid
K0.5Te0.5 is in good agreement with the experiments. T
first peak of the totalS(k) is originated from the correspond
ing peaks of theSTeTe(k) and SKTe(k). Up to x50.2, the
oscillating profile fork.3 Å21 is almost determined by the
STeTe(k), while atx50.5, it is dominated by theSKTe(k). It
should be noted that the first sharp diffraction peak~FSDP!
appears atx50.5, being in agreement with the experimen
In the case of the liquid RbxTe12x mixture,7 the FSDP was
not observed even atx50.5, despite the fact that th
Sab(k)’s are similar to those of the liquid KxTe12x . This
difference is simply caused by the fact that the neutr
scattering length of an Rb atom is larger than that of a
atom.

Figure 3 shows the partial pair distribution function
gab(r ). The solid, dashed, and dotted lines show t
gTeTe(r ), gKTe(r ), andgKK(r ), respectively. From Fig. 3~a!,
we can see that there is no well-defined first coordinat
shell in thegTeTe(r ) for the pure liquid Te. From Figs. 3~b!
and 3~c!, we see that the peaks of thegTeTe(r ) andgKTe(r )
become higher with increasing K concentration. The fi

FIG. 1. The Ashcroft-Langreth partial structure factorsSab(k)
of the liquid ~a! K0.2Te0.8 and ~b! K0.5Te0.5.
6-2
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STABILITY OF THE CHAIN STRUCTURE IN LIQUID . . . PHYSICAL REVIEW B63 094206
minimum of thegTeTe(r ) becomes deeper when the K co
centration is increased. These facts indicate that the c
structure of Te is stabilized by the presence of K atoms.
for the gKK(r ), it has broad distribution for both concentr
tions x50.2 and 0.5, though a broad peak around 4.5 Å
recognized atx50.5.

B. Electronic density of states

Figure 4 shows the concentration dependence of the e
tronic density of states~DOS! in the liquid K-Te mixtures,
which is obtained from a time average of the distribution
the single-electron eigenvalues. The bold solid lines sh
the total DOS. The thin solid and thin dotted lines show
partial DOS for Te and K atoms, respectively. The par
DOS for a-type atom was obtained by projecting the wa
functions on the spherical harmonics within a sphere of
diusS51.1 Å centered at eacha-type atom.29 The origin of
the energy is taken to be the Fermi level (EF50). From Fig.
4~a!, the DOS has large values aroundEF , which means the
metallic properties of the pure liquid Te is reproduced.
shown in Figs. 4~b! and 4~c!, a dip atEF in the total DOS
arises from the presence of K atoms, and the dip beco
deeper with increasing K concentration, which is consist
with the observed concentration dependence of the elect
conductivity.6

The large peak at about214 eV originates from the K 3p
states. The Te 5s states are located between213 and
29 eV, and the Te 5p states are located above25 eV. At
x50.5, there are several sharp peaks in the partial DOS
Te; two peaks in the 5s states and three peaks in the 5p

FIG. 2. The structure factorsS(k) of the liquid KxTe12x for
three K concentrationsx5(a) 0.0,~b! 0.2, and~c! 0.5. The calcu-
lated S(k) shown by the solid line is obtained from the parti
structure factors with the neutron-scattering lengths. The das
and dotted lines show the results of neutron-diffraction meas
ments carried out by Kawakitaet al. ~Ref. 6! ~dashed lines for pure
liquid Te and liquid K0.2Te0.8), Takedaet al. ~Ref. 28! ~dotted line
for pure liquid Te!, and Fortneret al. ~Ref. 4! ~dashed line for
liquid K0.5Te0.5).
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states belowEF correspond to the energy levels of the Te2
22

dimer, which clearly indicates that the liquid mixture co
sists mainly of the Zintl anions at the equiatomic concent
tion. The partial DOS for K atoms has very small valu

FIG. 3. The pair distribution functionsgab(r ) of the liquid
KxTe12x for three K concentrationsx5(a) 0.0,~b! 0.2, and~c! 0.5.
The solid, dashed, and dotted lines show thegTeTe(r ), gKTe(r ), and
gKK(r ), respectively.

FIG. 4. The electronic density of states~DOS! of the liquid
KxTe12x for three K concentrationsx5(a) 0.0,~b! 0.2, and~c! 0.5.
The bold solid lines show the total DOS. The thin solid and th
dotted lines show the partial DOS for Te and K atoms, respectiv
The origin of the energy is taken to be the Fermi level (EF50).
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FUYUKI SHIMOJO, KOZO HOSHINO, AND Y. ZEMPO PHYSICAL REVIEW B63 094206
above25 eV for both concentrations, which suggests tha
nearly complete charge transfer from K to Te occurs, as
observed for the liquid RbxTe12x mixtures.7

C. Dynamic properties of atoms

To investigate the atomic dynamics in the liquid alk
tellurides, we have calculated the velocity autocorrelat
functions ~VAF!, which are shown in Fig. 5. The solid
dashed, and dotted lines show the correlation functionsx
50.0, 0.2, and 0.5, respectively. From Fig. 5~a!, it is seen
that the VAF for Te atoms in the liquid K0.2Te0.8 is similar to
that in the pure liquid Te. On the other hand, the VAF for
atoms at the equiatomic concentration is significantly diff
ent from the others; there appears the shoulder at abot
50.25 ps and the dip at aboutt50.38 ps in the VAF for the
liquid K0.5Te0.5. The Fourier transform of the VAF for Te
atoms in these liquid mixtures consists of two broad pea
the peaks at about 30 and 110 cm21 are considered to be
originated from the bending and stretching motion of Te
oms in the chain structure, respectively. In the liqu
K0.5Te0.5, the frequency of the stretching motion is increas
to about 150 cm21, which is due to the presence of the Te2

22

dimers and is consistent with the appearance of the shou
and dip at aboutt50.25 and 0.38 ps, respectively, in th
VAF. The VAF for K atoms in the liquid mixtures have a
oscillating behavior as shown in Fig. 5~b!, which is reflected
by the cage effects.

D. Stability of chain structure

In order to investigate the stability of local chain structu
formed by Te atoms in the liquid mixtures, we have analyz
~1! the three-dimensional atomic arrangements,~2! the dis-
tancedi j (t) betweeni th and j th Te atoms as a function o
time t, and~3! the Te coordination numberni(t) of an i th Te
atom. Not only by seeing the atomic arrangements but a
by analyzing thedi j (t) andni(t), will we be able to obtain
highly detailed information about the time change of loc
atomic configurations.

Figure 6 shows the snapshots of the atomic configurat
obtained byab initio MD simulations. In the pure liquid Te
@Fig. 6~a!# as many of the threefold coordinated Te ato

FIG. 5. The velocity autocorrelation functions~VAF! for ~a! Te
and ~b! K atoms in the liquid KxTe12x . The solid, dashed, and
dotted lines show the VAF atx50.0, 0.2, and 0.5, respectively.
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exist as do the twofold coordinated ones, and the chain st
ture cannot be clearly seen. In the liquid K0.2Te0.8 @Fig. 6~b!#,
the number of the twofold coordinated Te atoms increas
and the chain structure can be recognized. We see from
6~b! that the Te chains are separated by the K atoms. At
equiatomic concentration@Fig. 6~c!#, almost all Te atoms
form Te2 dimers. It should be noted that there exists short
chains, which consist of more than two Te atoms, and i
lated Te atoms.

Figure 7 displays some examples of the time evolution
the distancedi j (t), where thedi j (t) between a focused (i th)
Te atom selected arbitrarily and all other (j th) Te atoms are
shown for three K concentrations. From thedi j (t)’s in the
pure liquid Te, we see that the distances between two
atoms change largely with time, and that each Te atom
almost always surrounded by more than one Te atom.
can recognize the stretching motion between pairs of Te
oms @oscillation of di j (t) around 3 Å with small ampli-

FIG. 6. The atomic configurations of the liquid KxTe12x for
three K concentrationsx5(a) 0.0, ~b! 0.2, and~c! 0.5. The black
and gray balls show the positions of Te and K atoms, respectiv
in the supercell. Two Te atoms, whose distance apart is smaller
3.25 Å, are connected by the bond.

FIG. 7. The time evolution of the distancedi j (t) betweeni th
and j th Te atoms in the liquid KxTe12x for three K concentrations
x5(a) 0.0, ~b! 0.2, and~c! 0.5. Each figure shows the distanc
di j (t) between a focused (i th) Te atom selected arbitrarily and a
other (j th) Te atoms.
6-4
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STABILITY OF THE CHAIN STRUCTURE IN LIQUID . . . PHYSICAL REVIEW B63 094206
tudes# being reflected by a covalent bonding. We see, ho
ever, that such vibrating motion does not continue for lon
than 2 ps, and that each Te atom switches its neighbors~the
bond switching! frequently; we can see that a distancedi j (t)
increases suddenly, and instead the other distancedi j 8(t) de-
creases at the same time@see Fig. 7~a!#.

Similar to the pure liquid Te, thedi j (t)’s change largely
with time in the liquid K0.2Te0.8. It is, however, seen tha
when compared with the pure liquid Te,~i! the number of
lines shown in the figure@Fig. 7~b!# decreases,~ii ! the
stretching motion appears more clearly, and~iii ! the bond
switching occurs less frequently.

In the liquid K0.5Te0.5, the time evolution of thedi j (t)’s
is completely different from those in the other liquids;~i!
only a few lines are shown in the figure@Fig. 7~c!#, ~ii ! the
stretching motion appears clearly and continues for a r
tively long time, and~iii ! the bond switching occurs onl
rarely. We see from Fig. 7 that the frequency of the stret
ing motion at the equiatomic concentration is higher th
those in the other liquids, which is consistent with the valu
obtained by the VAF.

The Te atom has the twofold coordination in a cha
structure, while it has the onefold coordination if the Zin
Te2

22 anion is formed. Therefore, by investigating the co
dination numberni(t) of i th Te atoms as a function of tim
t, we will be able to obtain the information about the tim
change of local atomic configurations in more detail. W
have calculated theni(t) by counting the number of Te at
oms, which are within a distance ofR53.25 Å from thei th
Te atom, at a timet. Figure 8 displays some examples of t
ni(t) for three K concentrations. Note that theni(t) depends
somewhat on the value ofR, but the following qualitative
features ofni(t) would not depend on the choice ofR.

FIG. 8. The time evolution of the coordination numberni(t) of
i th Te atoms in the liquid KxTe12x for three K concentrationsx
5(a) 0.0, ~b! 0.2, and~c! 0.5.
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Comparing the results for the pure liquid Te with tho
for the liquid K0.2Te0.8, we see that in the liquid K0.2Te0.8,
Te atoms have the twofold coordination for a longer tim
and change the value ofni(t) less frequently.~Taking the
average, Te atoms change the value ofni(t) about 50 times
for 4.5 ps in the liquid Te, while about 40 times in the liqu
K0.2Te0.8.) These features clearly show that the chain str
ture is stabilized by the presence of K atoms.

It is seen that in the three liquids, Te atoms have
onefold coordination for the longest time in the liqu
K0.5Te0.5, although they have also the twofold coordinatio
at irregular intervals. We conclude that themost stablestruc-
ture is formed at the equiatomic concentration@in the sense
that Te atoms change the value ofni(t) less than 20 times on
average for 4.5 ps#, although the structure does depend
the time.

As stated in the previous subsection, the partial DOS
Te atoms~Fig. 4! clearly indicates that the liquid mixture
consists mainly of the Te2

22 dimers at the equiatomic con
centration. This was confirmed by seeing the spatial confi
ration of atoms@Fig. 6~c!#. These results are quite consiste
with the expectation of the Zintl rule.10,11 However, the time
evolution of theni(t) ~Fig. 8! seems to be inconsistent wit
this expectation. If all Te atoms formed the Te2

22 dimers, the
ni(t) would be one and would not change with time. T
solve this puzzle, we have to see the time change of lo
atomic configurations directly as shown in Fig. 9, where
balls show the positions of Te atoms. Two Te atoms, wh
distance apart is smaller than 3.25 Å, are connected by
bond. In Fig. 9~a!, several dimers are shown. After 0.75 p
@Fig. 9~b!#, chain structures appear by connecting dimers.
1.04 ps@Fig. 9~c!#, a bond in the right chain is broken, and
new bond is formed between the Te atom, which belonge
the right chain, and one of Te atoms in the left chain. We c
see the Te atom in the left chain has the threefold coord
tion. As displayed in Fig. 9~d!, one of the bonds associate
with the threefold coordinated Te atom is broken at 1.10
Although a short chain containing four Te atoms exists fo
while @Fig. 9~e!#, it is broken into two dimers as shown i
Fig. 9~f!. Finally, a local atomic configuration consisting o
dimers is obtained.

FIG. 9. The time evolution of local atomic configurations in th
liquid K0.5Te0.5. The balls show the positions of Te atoms. T
positions of K atoms are not shown. Two Te atoms, whose dista
apart is smaller than 3.25 Å, are connected by the bond.
6-5



e
-
o

t,

ea

t-
e

d
n
an
ith

w
as

a-
arly

in
the
at-
tial

tra-

d
at

nd
fre-

.
eir
-in-
n,

the
ni-

hi
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In conclusion, it is certain that the liquid K-Te mixtur
consists mainly of the Te2

22 dimers at the equiatomic con
centration as expected by the Zintl rule. However, it is n
correct to consider that the Te2

22 dimers existstably in the
same way as a neutral Te2 dimer exists in a vacuum. In fac
since twoextra electrons in a Te2

22 dimer occupy the anti-
bondingp states, the covalent bond in the Te2

22 dimer must
be weaker than that in the neutral Te2 dimer. As shown in
Fig. 9, in the liquid K0.5Te0.5 mixture, the Zintl Te2

22 dimers
interact with each other, and the bond breaking and the r
rangement of dimers occur rather frequently.

IV. SUMMARY

The stability of local chain structures formed by Te a
oms, as well as the atomic structure and the electronic d
sity of states in liquid KxTe12x mixtures withx50.0, 0.2,
and 0.5 have been investigated byab initio molecular-
dynamics~MD! simulations. It is shown that the calculate
structure factors are in good agreement with the experime
results in a wide range of K concentration, and that the tr
sition from the metallic to the semiconducting states w
increasing alkali elements is well reproduced by ourab initio
MD simulations. By investigating the distances between t
Te atoms and the coordination number of each Te atom
M

ids

et

o

lid

A

tt
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function of time, it is seen that with increasing K concentr
tion, the stretching motion of Te atoms appears more cle
and continues for a longer time, and the bond switching
the chain structure occurs less frequently, which means
chain structure is more stabilized by the presence of K
oms. The partial electronic density of states and the spa
atomic configuration show that at the equiatomic concen
tion, most of the Te atoms form the Te2

22 anions, as expected
by the Zintl rule. It is, however, found from the detaile
analysis of the time evolution of local atomic structures th
the Zintl Te2

22 anions interact with each other, and the bo
breaking and the rearrangement of dimers occur rather
quently in the liquid K0.5Te0.5 mixture.
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