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Stability of the chain structure in liquid K ,Te;_, (x=0.0, 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 liquiddg , mixtures ¢=0.0, 0.2, and 0.6
is studied byab initio molecular-dynamics simulations. It is confirmed by investigating the atomic and elec-
tronic structures that at=0.2, 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 forn theiffiers,
as expected by the Zintl rule. From the time evolution of local atomic configurations, it is found that the Zintl
Té_ dimers interact with each other, and the bond breaking and the rearrangement of dimers occur rather
frequently.
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I. INTRODUCTION It is, therefore, undoubted that the Te chains are stabilized
by adding alkali elements so as to reduce the number of
Liquid Te exhibits metallic properties with an electrical threefold-bonded defeétthat are believed to be contained in
conductivity of about 2000 cm) ! near the melting pure liquid Te and are responsible for the metallic conduc-
point, while its solid phase is a typical semiconductor. It hagion, and that there exist the Zintl ions gl'e at the equi-
been experimentally known® that the electrical conductiv- atomic concentration. These facts explain the decrease in the
ity decreases monotonically with the addition of alkali ele-electrical conductivity with increasing alkali elements. How-
ments; at 50% of alkali concentration, it is only aboutever, there have been no quantitative discussions about the
1 (Q cm)*. Both experiment&f® and theoreticdl studies stability of the Te chain in liquid alkali tellurides. Especially,
have suggested that this metal-semiconductor transition it is interesting to investigate the stability of the Zintl ions
the liquid alkali tellurides is closely related to the change inTe5 ™ in the liquids. In the structure of crystalline alkali-Te
the chain structure of Te atoms by adding alkali elements. compounds at the equiatomic concentrafidrall Te atoms
The neutron-diffraction experimedtsfor liquid K,Te; . exist as Té~ dimers, being consistent with the Zintl rule,
and RRTe, _, mixtures showed the persistence of covalently0.11 \yhich suggests the presence of Tedimers if a com-
bonded Te atoms in the liquids. For lower alkali concentrapjete charge transfer from the alkali atom to Te occurs. Since
tions x<0.2, the measured structures are similar to that othe results of theb initio MD simulation€ showed that the
the pure liquid Te. However, the separation of the first peakcharge transfer is almost complete in the liquid alkali tellu-
of the pair distribution function from the rest of neighbors yijes there is an indication that the 2Teanions are also
becomes clear when alkali elements are added, and the Te-Eg,pje in the liquids. However, in the snapshots of the atomic
coordination number decreases with increasing alkali congonfiguration obtained by the MD simulations, there exist
centration. In the case of the equiatomic mixturgsKeys,  short chains that consist of more than two Te atoms and

the measured structure shows a virtually complete pairing ofq|ated Te atoms, as well as thegTedimers. It is, there-

Te atoms that are identified with Zintl ions Sl'e.. fore, worthwhile investigating the stability of the Zintl an-
Recently, ab initio  molecular-dynamics (MD) ions.
simulation$ were carried out for liquid RE'e;_, mixtures To study the stability of polyanions predicted by the Zintl

(x=0.0, 0.2, and 0.6 It was shown that the interchain in- e 1011 5ayeralab initio MD simulations have been carried
teractions are suppressed by Rions, and therefore the Te gyt for liquid mixtures, such as K%, NasSn®® LiPb*
chains are relatively stabilized in comparison with the PUreNapPb!® KPb1® CsPb!’” and KSb'® In the liquid mixtures of
liquid Te. Forx=0.5, more than half of Te atoms form3Te  group IV elements with alkali metals, the Zintl anions are
dimers, which are mixed with short Te chains and'Rons.  supposed to have tetrahedral complexes. In the liquid K-Sb
These results are consistent with the experimental observagroup V elementmixture, chainlike polyanions are consid-
tions. It was also shown by calculating the partial density ofered to be present. However, no theoretical study for inves-
states that almost complete charge transfer from Rb to Tggating the stability of Zintl anions in the liquid alkali group
occurs in the mixtures. The spatial distribution of the trans+/| element mixtures has been reported so far.

ferred charge in the Te chains was investigated. The structure |n this paper, we present the results of aiir initio MD

of liquid K,Te, , mixtures was also investigated bj initio  simulations for investigating the dynamic properties of the
MD simulations® It was reported that Te dimers are formed Te chain structure in liquid alkali tellurides, especially the
in the equiatomic l§sTey 5 Mixture. stability of the Zintl ions T~ . In the liquid alkali-Te mix-
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(b) Ko.sTeo.s 1

tures, only for K-Te mixtures the neutron-diffraction mea- ————
surements were carried out for higher alkali concentrations (@ K,,Te,, 27
(up to 50%. Therefore, we have chosen to calculate the o
properties of liquid KTe; , mixtures so as to compare the
calculated structures with the experimental results.
In Sec. Il, the method oéb initio MD simulations used

here is briefly described. The results of our simulation and
discussions are given in Sec. lll. Finally we summarize our ¢ +

Te-Te
Te-Te

work in Sec. IV. < 1
oL MWWWWWWM
Il. METHOD OF CALCULATION J
Our calculations were performed within the framework of

the density-functional theory, in which the generalized gra-
dient approximatiot? was used for the exchange-correlation
energy. The electronic wave functions were expanded in the

plane-wavegPW) basis set. The energy functional was mini- L

mized using an iterative scheme based on the preconditione 0 2 4 6 L ‘ .
conjugate-gradient methd8:2? For the interaction between k(A 0 2 4 6 8 10 12
the valence electrons and ions, we used the ultrasoft k(A7)
pseudopotentiafd?* obtained from the electronic structure .

calculations for K($)63d04sl) and Te(525p45d°) atoms. FIG. 1. The Ashcroft-Langreth partial structure fact&s;(k)

The cubic supercell contains 80 atoms and the periodigf the liquid (&) Ko2T€ and (b) KosTeys-

boundary conditions were imposed. The simulations wergt ghoutk=2.1 A%, and a oscillating profile at larget
carried out at three K concentrations;, e, _, with X  ~3 A-1 This behavior of theSere(K) becomes marked
=0.0, 0.2, and 0.5. The temperatures and densities akgjth increasing K concentration.

(750 K, 0.0272 A®), (710 K, 0.0244 A?), and (710 K, Before we investigate the dynamic properties of a Te
0.0196 A°%) for x=0.0, 0.2, and 0.5, respectively. Using chain structure in the liquid mixtures, it is important to con-
the NoseHoover thermostat techniqd&? the equations of ~ firm, by comparing calculated atomic structure with the ex-
motion were solved vlalsthe velocity Verlet algorithm with & perimental data, that our simulations are correctly carried
time stepAt=2.4x10""s. Thel" point was used for the out. We show in Fig. 2 the structure fact@k) for three K
Brillouin-zone sampling, and the PW cutoff energies for theconcentrationsx=0.0, 0.2, and 0.5. The calculateg{k)
wave functions and the charge density are 10 and 65 Ryshown by the solid line is obtained from the partial structure
respectively, which are chosen so as to give a good convefactors with the neutron-scattering lengthsrf=5.43 fm
gence of the total energy. The quantities of interest are obanqgp, =3.7 fm). The dashed and dotted lines show the re-
tained by averaging over about 5 ps after the initial equili-gits of neutron-diffraction measuremeffe2® We can see

bration taking about 2 ps. that the overall profile of the measur&fk)’s of the pure
liquid Te and the liquid K ,Te, g are reproduced fairly well
ll. RESULTS by our simulation and that the calculat&k) of the liquid

KosTeys is in good agreement with the experiments. The

first peak of the totaB(k) is originated from the correspond-
In various kinds of partial structure factors to characterizqng peaks of theSrerd k) and Sere(k). Up to x=0.2, the

the structure of a binary mixture, we employ the Ashcroft-gscillating profile fork>3 A~ is almost determined by the

A. Atomic structure

Langreth formulas] which are defined as Srerd k), while atx=0.5, it is dominated by th&ro(k). It
Ny Ng should be noted that the first sharp diffraction p¢e8DP
_ —1/2 \ il (r appears ak=0.5, being in agreement with the experiment.
Sap(K)=(NuNpg) K; ,—Zl X~k (1o =)} In the case of the liquid RBe;_, mixture/ the FSDP was

not observed even ax=0.5, despite the fact that the
S.p(K)'s are similar to those of the liquid Ke; . This
' @) difference is simply caused by the fact that the neutron-
scattering length of an Rb atom is larger than that of a K
whereN,, is the total number of-type atoms, and,; is the  atom.
position ofith a-type atom. TheS, (k) for x=0.2 and 0.5 Figure 3 shows the partial pair distribution functions
are shown in Figs. (® and 1b), respectively. TheSrrd k) g.p(r). The solid, dashed, and dotted lines show the
has a peak at abokt=1.1 A%, which becomes higher with  gre7dr), dkre(r), andgyk(r), respectively. From Fig.(d),
increasing K concentration. In tf&y (k), the corresponding we can see that there is no well-defined first coordination
peak is recognized for=0.2 A=, For x=0.5, this peak shell in thegre7dr) for the pure liquid Te. From Figs.(B)
becomes broad, and a dip appears at aket2.5 A"1. The  and 3c), we see that the peaks of thgerdr) and gyre(r)
Skte(K) has a negative dip at abokit=1.1 A1, a first peak become higher with increasing K concentration. The first

—(N,Np)*25, 4
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FIG. 2. The structure factorS(k) of the liquid K Te,_, for
three K concentrations=(a) 0.0,(b) 0.2, and(c) 0.5. The calcu-
lated S(k) shown by the solid line is obtained from the partial
structure factors with the neutron-scattering lengths. The dashed
and dotted lines show the results of neutron-diffraction measure-
ments carried out by Kawakitet al. (Ref. 6) (dashed lines for pure
liquid Te and liquid K ,Te, o), Takedaet al. (Ref. 28 (dotted line
for pure liquid Tg, and Fortneret al. (Ref. 4 (dashed line for

liquid Ko sTeys).

FIG. 3. The pair distribution functiong,g(r) of the liquid
K,Te,_, for three K concentrations=(a) 0.0, (b) 0.2, and(c) 0.5.
The solid, dashed, and dotted lines showdhg{r), gkre(r), and
gk (r), respectively.

minimum of theg.1dr) becomes deeper when the K con-

centration is increased. These facts indicate that the chaffates belovE correspond to the energy levels of the;Te
structure of Te is stabilized by the presence of K atoms. Aglimer, which clearly indicates that the liquid mixture con-
for the gy« (r), it has broad distribution for both concentra- Sists mainly of the Zintl anions at the equiatomic concentra-
tions x=0.2 and 0.5, though a broad peak around 4.5 A igdion. The partial DOS for K atoms has very small values

recognized ak=0.5.

B. Electronic density of states

Figure 4 shows the concentration dependence of the elec-
tronic density of state$DOY) in the liquid K-Te mixtures,
which is obtained from a time average of the distribution of
the single-electron eigenvalues. The bold solid lines show
the total DOS. The thin solid and thin dotted lines show the
partial DOS for Te and K atoms, respectively. The partial
DOS for a-type atom was obtained by projecting the wave
functions on the spherical harmonics within a sphere of ra-
diusS=1.1 A centered at each-type atont® The origin of
the energy is taken to be the Fermi levELEO). From Fig.

4(a), the DOS has large values arouled, which means the
metallic properties of the pure liquid Te is reproduced. As
shown in Figs. &) and 4c), a dip atEg in the total DOS
arises from the presence of K atoms, and the dip becomes
deeper with increasing K concentration, which is consistent
with the observed concentration dependence of the electrical
conductivity®

The large peak at about14 eV originates from the K3
states. The Te & states are located betweenl3 and
—9 eV, and the Te p states are located above5 eV. At

DOS (states/atom/eV)
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FIG. 4. The electronic density of stat¢BOS) of the liquid
K,Te, _, for three K concentrations=(a) 0.0, (b) 0.2, and(c) 0.5.
The bold solid lines show the total DOS. The thin solid and thin

x=0.5, there are several sharp peaks in the partial DOS fadotted lines show the partial DOS for Te and K atoms, respectively.
Te; two peaks in the $ states and three peaks in the 5 The origin of the energy is taken to be the Fermi levet£0).
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‘ : three K concentrations=(a) 0.0, (b) 0.2, and(c) 0.5. The black

0.0 0.4 0.0 0.4 0.8 . .
and gray balls show the positions of Te and K atoms, respectively,
t(ps) in the supercell. Two Te atoms, whose distance apart is smaller than

FIG. 5. The velocity autocorrelation functio®¢AF) for (a) Te 3.25 A, are connected by the bond.
and (b) K atoms in the liquid KTe; _,. The solid, dashed, and
dotted lines show the VAF at=0.0, 0.2, and 0.5, respectively. exist as do the twofold coordinated ones, and the chain struc-
ture cannot be clearly seen. In the liquig K&, g[Fig. 6b)],

above—5 eV for both concentrations, which suggests that a&he number of the twofold coordinated Te atoms increases,
nearly complete charge transfer from K to Te occurs, as wadnd the chain structure can be recognized. We see from Fig.

observed for the liquid REe;_, mixtures’ 6(b) that the Te chains are separated by the K atoms. At the
equiatomic concentratiofFig. 6(c)], almost all Te atoms
C. Dynamic properties of atoms form Te, dimers. It should be noted that there exists short Te

) ) ) o o _chains, which consist of more than two Te atoms, and iso-
To investigate the atomic dynamics in the liquid alkali |ated Te atoms.

functions (VAF), which are shown in Fig. 5. The solid, the distance;; (t), where thed;; (t) between a focused th)

dashed, and dotted lines show the correlation functions at Te atom selected arbitrarily and all othgit{) Te atoms are
=0.0, 0.2, and 0.5, respectively. From Fidab it is seen  shown for three K concentrations. From thg(t)'s in the
that the VAF for Te atoms in the liquidgsTey gis similarto  pyre Jiquid Te, we see that the distances between two Te

ent from the others; there appears the shoulder at aboutcan recognize the stretching motion between pairs of Te at-
—=0.25 ps and the dip at about0.38 ps in the VAF for the  oms [oscillation of d;;(t) around 3 A with small ampli-

liquid KosTeys. The Fourier transform of the VAF for Te
atoms in these liquid mixtures consists of two broad peaks;
the peaks at about 30 and 110 c¢hare considered to be
originated from the bending and stretching motion of Te at-
oms in the chain structure, respectively. In the liquid

KosT€ s, the frequency of the stretching motion is increased 30
to about 150 cm?, which is due to the presence of the;Te
dimers and is consistent with the appearance of the shoulder 25
and dip at about=0.25 and 0.38 ps, respectively, in the 35
VAF. The VAF for K atoms in the liquid mixtures have an <
oscillating behavior as shown in Fig(®, which is reflected 30 b
by the cage effects. :\;:a
2.5
D. Stability of chain structure

In order to investigate the stability of local chain structure 33
formed by Te atoms in the liquid mixtures, we have analyzed
(1) the three-dimensional atomic arrangemei2$,the dis- 0
tanced;;(t) betweenith andjth Te atoms as a function of
timet, and(3) the Te coordination numbex (t) of anith Te 2.5
atom. Not only by seeing the atomic arrangements but also (ps)
by analyzing thed;;(t) andn;(t), will we be able to obtain

highly detailed information about the time change of local F|G. 7. The time evolution of the distana (t) betweenith

atomic configurations. ' . ~andjth Te atoms in the liquid KTe; _, for three K concentrations
Figure 6 shows the snapshots of the atomic configurationg=(a) 0.0, (b) 0.2, and(c) 0.5. Each figure shows the distance

obtained byab initio MD simulations. In the pure liquid Te d;(t) between a focusedth) Te atom selected arbitrarily and all
[Fig. 6@] as many of the threefold coordinated Te atomsother (jth) Te atoms.
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4 ‘ ' ' ' FIG. 9. The time evolution of local atomic configurations in the
31 1 liquid KosTeys. The balls show the positions of Te atoms. The
2 positions of K atoms are not shown. Two Te atoms, whose distance
1 w rm, apart is smaller than 3.25 A, are connected by the bond.
0 0 1 2 3 4'; Comparing the results for the pure liquid Te with those

£ (ps) for the liquid Ky ,Tey g, we see that in the liquid §&Tey g,
Te atoms have the twofold coordination for a longer time
FIG. 8. The time evolution of the coordination numimgft) of ~ and change the value af(t) less frequently(Taking the
ith Te atoms in the liquid Kre, , for three K concentrationgs  average, Te atoms change the valuen@t) about 50 times
=(a) 0.0,(b) 0.2, and(c) 0.5. for 4.5 ps in the liquid Te, while about 40 times in the liquid
Ko2Teyg.) These features clearly show that the chain struc-

tuded being reflected by a covalent bonding. We see, how!Ure is stabilized by the presence of K atoms.

ever, that such vibrating motion does not continue for longer It is seen t_hat n the three liquids, 'I_'e atoms haye j[he
than 2 ps, and that each Te atom switches its neightdoes onefold coordination for the longest time in the .I|qg|d

bond switching frequently; we can see that a distantg(t) KosTe s, although they have also the twofold coordination

: : . at irregular intervals. We conclude that tmest stablestruc-
increases suddenly, af‘d mstegd the other distdfjot) de- ture is formed at the equiatomic concentratjamthe sense
creases at the same tirfeee Fig. 7a)].

e o , that Te atoms change the valuemft) less than 20 times on
Similar to the pure liquid Te, the;(t)’s change largely 5 eraqe for 4.5 s although the structure does depend on

with time in the liquid Ky Teyg. It is, however, seen that ha time.
when compared with the pure liquid Te) the number of As stated in the previous subsection, the partial DOS for
lines shown in the figurgFig. 7(b)] decreases(ii) the  Te atoms(Fig. 4) clearly indicates that the liquid mixture
stretching motion appears more clearly, alit) the bond  consists mainly of the B& dimers at the equiatomic con-
switching occurs less frequently. centration. This was confirmed by seeing the spatial configu-
In the liquid Ko sTep s, the time evolution of thel;;(t)'s  ration of atomgFig. 6(c)]. These results are quite consistent
is completely different from those in the other liquids]  with the expectation of the Zintl ruf€:** However, the time
only a few lines are shown in the figufEig. 7(c)], (ii) the  evolution of then;(t) (Fig. 8 seems to be inconsistent with
stretching motion appears clearly and continues for a relathis expectation. If all Te atoms formed the3Tedimers, the
tively long time, and(iii) the bond switching occurs only n,(t) would be one and would not change with time. To
rarely. We see from Fig. 7 that the frequency of the stretchsplve this puzzle, we have to see the time change of local
ing motion at the equiatomic concentration is higher thangtomic configurations directly as shown in Fig. 9, where the
those in the other liquids, which is consistent with the valuegz|is show the positions of Te atoms. Two Te atoms, whose
obtained by the VAF. distance apart is smaller than 3.25 A, are connected by the
The Te atom has the twofold coordination in a chainpgnd. In Fig. 9a), several dimers are shown. After 0.75 ps
structure, while it has the onefold coordination if the Zintl [Fig. 9b)], chain structures appear by connecting dimers. At
Te5~ anion is formed. Therefore, by investigating the coor-1.04 ps[Fig. 9c)], a bond in the right chain is broken, and a
dination numben;(t) of ith Te atoms as a function of time new bond is formed between the Te atom, which belonged to
t, we will be able to obtain the information about the time the right chain, and one of Te atoms in the left chain. We can
change of local atomic configurations in more detail. Wesee the Te atom in the left chain has the threefold coordina-
have calculated the;(t) by counting the number of Te at- tion. As displayed in Fig. @), one of the bonds associated
oms, which are within a distance Bf=3.25 A from theith  with the threefold coordinated Te atom is broken at 1.10 ps.
Te atom, at a timé. Figure 8 displays some examples of the Although a short chain containing four Te atoms exists for a
n;(t) for three K concentrations. Note that thgt) depends  while [Fig. ()], it is broken into two dimers as shown in
somewhat on the value d®, but the following qualitative Fig. 9(f). Finally, a local atomic configuration consisting of
features ofn;(t) would not depend on the choice Bf dimers is obtained.
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In conclusion, it is certain that the liquid K-Te mixture function of time, it is seen that with increasing K concentra-
consists mainly of the 'I%e’ dimers at the equiatomic con- tion, the stretching motion of Te atoms appears more clearly
centration as expected by the Zintl rule. However, it is notand continues for a longer time, and the bond switching in
correct to consider that the g’e dimers existstablyin the  the chain structure occurs less frequently, which means the
same way as a neutral Idimer exists in a vacuum. In fact, chain structure is more stabilized by the presence of K at-
since twoextra electrons in a Té’ dimer occupy the anti- oms. The partial electronic density of states and the spatial
bonding 7 states, the covalent bond in thegTedimer must atomic configuration show that at the equiatomic concentra-
be weaker than that in the neutral Teimer. As shown in tion, most of the Te atoms form the eanions, as expected
Fig. 9, in the liquid K, <Tey s mixture, the Zintl T§~ dimers by the Zintl rule. It is, however, found from the detailed
interact with each other, and the bond breaking and the reagnalysis of the time evolution of local atomic structures that

rangement of dimers occur rather frequently. the Zintl T§~ anions interact with each other, and the bond
breaking and the rearrangement of dimers occur rather fre-
IV. SUMMARY quently in the liquid K sTey 5 mixture.
The stability of local chain structures formed by Te at-
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