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Dynamical electron-ion coupling in an ionic solid NaSn at high temperatures is studied byab initio mo-
lecular dynamics simulation. The cooperative ion dynamics of the migration of Na1 ions and the deformations
of (Sn4)42 tetrahedra are clarified. The band gap fluctuates between metallic and semiconducting values, and
is strongly coupled with the ion dynamics. When the band gap vanishes, the character of the highest occupied
eigenfunction changes from bonding to nonbonding within a tetrahedron, and it is caused by the deformations
of the tetrahedra. The mechanism of the rapid rise of conductivity experimentally observed is discussed in light
of our results.@S0163-1829~99!50132-X#
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The high temperature solid phase of NaSn,a-NaSn be-
tween 757 and 854 K, shows anomalous behavior of cond
tivity which rises rapidly with temperature from semico
ducting ~about 5 V21 cm21) to metallic ~about
2000 V21 cm21) values.1 The lower temperature solid
phase,b-NaSn ~0–757 K!, is semiconducting, with a ban
gap Eg50.74 eV, in which charge transfer and direction
bonding lead to the formation of (Sn4)42 tetrahedral polya-
nions. The melting point ofa-NaSn is 854 K and (Sn4)42

tetrahedra survive even in the metallic liquid phase.2 The
large enthalpy change of 4.95 J mol21 K21 at thea-b phase
transition indicates thata-NaSn is dynamically disordered
The great attenuation and broadening of Bragg peaks at l
wave number~around 2 Å21) obtained by the neutron sca
tering experiment show diffusive ion dynamics ina-NaSn.3,4

These experimental facts suggest a strong coupling betw
diffusive ion motion and conductivity.

In this paper we report the results ofab initio molecular
dynamics~AIMD ! simulation ofa-NaSn. By using AIMD, it
is shown that the migration of Na1 ions induces the defor
mations of (Sn4)42 tetrahedra, which changes the charac
of bonding within a tetrahedron. It is also shown that no
bonding states appear due to the bond breaking withi
tetrahedron, and the band gapEg is reduced. As a result, on
can expect that the electronic conductivity increases rap
with temperature, which is consistent with experimen
Metal-insulator crossover of an electron system coupled w
PRB 600163-1829/99/60~4!/2135~4!/$15.00
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ion dynamics provides the possibility of designing materi
whose electronic transport is controlled by ion dynamics.

The constant-temperature AIMD simulation has been p
formed by a direct minimization method5 of the energy func-
tional of the local density approximation~LDA !, and by
means of the Nose´-Hoover thermostat technique.6,7 We used
80 occupied and 14 unoccupied Kohn-Sham~KS! single-
electron orbitalsck(r ), (k51,•••,94). The G point was
only used in the Brillouin zone and the KS orbitals we
expanded in 6849 plane waves with an energy cutoffEcut
510 Ry. We used the Gaussian form as the entropy te
related to the electron occupationf k .8 Also, we adopted the
normconserving pseudopotential suggested by Ham
et al.9 with the Kleinman-Bylander separable form.10 The lo-
cal exchange correlation functional of Ceperly and Alde11

was used. The equations of motion of ions and the thermo
were solved by using Verlet’s algorithm.12 A tetragonal cell
of a5b510.46 Å, c517.39 Å was used as a simulatio
cell under the periodic boundary condition. This cell corr
sponds to the primitive cell of solidb-NaSn and contains 32
Na atoms and 32 Sn atoms. A volume expansion and s
metry change occur at thea-b transition.3,13 We neglect
these changes because the differences are small.

The initial atomic configuration in this simulation is tha
of the b-NaSn structure.14 It has eight (Sn4)42 tetrahedra,
and the edge length of a tetrahedron is 2.97 Å. The m
centers of (Sn4)42 form a tetragonal lattice structure. Na1
R2135 ©1999 The American Physical Society
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ions and (Sn4)42 tetrahedra are densely packed and the
rahedra are kept as far apart as possible. The nearest n
bor distances of Na-Na, Na-Sn, and Sn-Sn in the differ
tetrahedron are 3.62–3.72 Å, 3.35–3.53 Å, 3.76 Å, resp
tively. The simulation was performed for 3.5 ps. To obta
the results after equilibration, we discarded the produ
data of initial 1 ps, and adopted those of sequential 2.5 p
the present simulation. The temperature was set and
trolled at 790 K to reproduce the dynamics ofa-NaSn. Dur-
ing the simulation, the constant of the Nose´-Hoover dynam-
ics ENH was kept within uDENHu<2.231025 Ry/atom,
uDENH /ENHu<5.731026.

Figure 1 shows the time evolution of the physical quan
ties describing the ion dynamics. The instantaneous temp
ture TA for A (A5Na,Sn! is defined as 3

2 NAkBTA

5(nPA
NA 1

2 mn„Vn(t)…2 , wheremn andVn(t) are the mass and
the velocity at timet of thenth atom,NA is the total number
of A atoms, andkB is the Boltzmann’s constant. The insta
taneous temperatureT for the total system is defined asT
5(NNaTNa1NSnTSn)/(NNa1NSn). Figure 1~a! shows the to-
tal instantaneous temperatureT, and TNa2T52(TSn2T),
whereT is subtracted fromTNa in order to exclude the shor
period fluctuation of 50–60 fs, caused by the thermostat
namics. Temperature control was attained well; the aver
temperaturê T&5792 K, the fluctuation of temperaturedT
[(^T2&2^T&2)1/2544 K anddT/^T&50.056. We can find
another fluctuation with a longer period inTNa2T of Fig. 1
~a!. The bold chain line is the average ofTNa2T ranging

FIG. 1. ~a! Instantaneous temperatureT, TNa2T (K). The bold
chain line is the average ofTNa2T of which the value at timet is
obtained by averaging fromt20.125 ps tot10.125 ps.~b! Mean
square displacement^R2(t)& (Å2) for three species. The dashe
lines are drawn as guides to the eye to show the tendencie
motions.
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over 0.25 ps at each timet, which clearly shows the fluctua
tion of longer period; slight increase ofTNa2T at 1,t
,1.5 and 2,t,2.3, and slight decrease at 1.5,t,2. The
fluctuations ofTNa and TSn are dTNa590 K, dTSn593 K.
Though one considers the difference of number of samp
these fluctuations are much larger than those ofT, i.e.,
ANNa,SndTNa,Sn.ANNa1NSndT. This suggests that the ki
netic energy transfer between two species occurs peri
cally, though a certain part of this fluctuation may be due
the smallness of the size of our simulation cell. The kine
energy flows from Na1 ions to Sn2 ions for 0.5,t,1 and
1.5,t,2 ps, from Sn2 ions to Na1 ions for 1,t,1.5 and
2,t,2.3 ps. Becausea-NaSn is an ionic solid, the dy
namical coupling between (Sn4)42 tetrahedra and Na1 ions
is strong.

The mean square displacement~MSD! for A @A
5Na,Sn,(Sn4)42# is defined as ^R2(t)&A5(nPA

NA $Rn(t)
2Rn(0)%2/NA . Rn(t) is the coordinate of thenth atom
~cluster! at time t, NA is the total number ofA atoms~clus-
ters!. Figure 1~b! shows the MSD for Na, Sn, and the ma
center of (Sn4)42. We observe that the motion of Na1 ions
is diffusive, accompanying two plateaus reflecting the pe
odic kinetic energy transfer seen in Fig. 1~a!. From the Ein-
stein relation, ^R2(t)&56Dt, we can evaluate the self
diffusion coefficient of Na1 ions as DNa55.8
31025 cm2/s. This value is comparable with that of th
liquid Na at 473 K, 8.131025 cm2/s.15 Figure 1~b! shows a
plateau att.1 ps which corresponds to the cooling of Na1

ions as seen in Fig. 1~a!. During 1,t,1.5 ps, the heating o
Na1 ions accelerates the increase of MSD for Na. The co
ing of Na1 ions aftert.1.5 ps causes a plateau of MSD fo
Na again att.2 ps. The values of MSD for Sn and those
the mass center of (Sn4)42 increase slowly aftert51.5 ps,
and are saturated, aftert52.2 ps, to the values of 2.7 Å2 and
1.5 Å2, respectively. Accordingly, the motions of Sn2 ions
and those tetrahedra are not diffusive. The MSD for Sn
dicates a large amplitudeA^R2(t)&Sn51.6 Å of fluctuation
from the equilibrium lattice point, that is, 53% of the edg
length of a tetrahedron. The large amplitude of motions
Sn2 ions is consistent with the large attenuation of Bra
peaks.3 Again we should point out some possibility that th
present system is not equilibrated enough for the relativ
small cell size. Independent of the MSD results, we obser
that the larger diffusion of Na1 ions locally induces the
larger deformations of (Sn4)42 tetrahedra. The tetragona
lattice structure of mass centers of (Sn4)42 had been con-
served. Possible motions of Sn2 ions are the rotational mo
tions and/or the internal deformations of (Sn4)42 tetrahedra.

Because the edge lengths of a tetrahedron obtained
vary between 2.6 and 4.5 Å, the deformations of the tetra
dra must be large. To analyze such deformations of (Sn4)42

tetrahedra, we calculated the third-order invariant,16 which is
defined as

of
Ŵ4
i 5 (

m11m21m350
S 4 4 4

m1 m2 m3
DQ4m1

i Q4m2

i Q4m3

i Y (
m524

4

uQ4m
i u3. ~1!
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Here

S 4 4 4

m1 m2 m3
D

is Wigner’s 3j symbol, Q4m
i 5(k51

4 Y4m(r k
i )/4, Ylm is a

spherical harmonics,r k
i is kth vertex coordinate ofi th tetra-

hedron (i 51, . . . ,8) relative to its mass center coordinat

Ŵ4
i 52 7

3A 2
429.20.16 for an ideal tetrahedron. The value

Ŵ4
i is sensitive to the deformation of a tetrahedron; for e

ample, the increase of the length of an edge of a tetrahe

by 30% givesŴ4
i .0. Figure 2 shows the time evolution o

Ŵ4
i . We found that the deformations of tetrahedra are la

and their time evolution is synchronous; that is, the recov
ing of symmetry towardt.1 and 2 ps, and the onset o
deformations after that. The tetrahedra ofi 51,3,5,8 recover
those symmetry toward t.1 ps, then those of i
53,4,7 starts to deform again. The same process occur
quentially, as the symmetry recovering of the tetrahedra
i 53, 4, 5 towardt.2 ps, and the onset of the deformatio
of those of i 51,3,4,5. The synchronous recovering cor
sponds to the cooling of Na1 ions, and the synchronous de
formation corresponds to the heating of Na1 ions, as seen in
Fig. 1~a!.

We can depict the ion motions as follows. As the result
the strong coupling between two atomic species, a local
ergy transfer between them occurs periodically. Here

FIG. 2. Time evolution of the third-order invariantŴ4
i for i

51,3,5,7~chain lines!, and for i 52,4,6,8~solid lines!.

FIG. 3. Time evolution of the eigenenergies near the chem
potential. The energies of the highest occupied and the lowest
occupied levels are drawn by bold lines.
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should be stressed that the energy transfer could not be
herent over a macroscopic spatial extent, but only ove
microscopic scale of the mean free path. The rise and dro
the kinetic energy of Na1 ions correspond to the acceleratio
and deceleration of diffusive motion of Na1 ions, and to the
deformation and recovering of symmetry of (Sn4)42 tetrahe-
dra.

The eigenenergies of KS orbitals near the chemical po
tial are shown in Fig. 3, where the energies of the high
occupied and the lowest unoccupied KS orbital are show
bold lines. Though the level crossings sometimes occ
eigenenergies are separated with an interval of about 0.1
so a band gapEg can be defined. The wide band gap exis
(Eg.0.1–2 eV) for 0.4,t,1 and 1.7,t,2.1 ps, while it
frequently vanishes fort.0.25 1,t,1.7 and t.2.1 ps.
Thus,Eg fluctuates from semiconducting to metallic value
roughly corresponding to that of the kinetic energy fluctu
tion between two atomic species. We can expect that
change inEg is due to a strong coupling between the io
dynamics and electronic states. Again we should stress
the fluctuation of the band gap could not be coherent ove
macroscopic spatial extent.

al
n-

FIG. 4. The snapshots of the (Sn4)42 tetrahedra and the densit
distribution ofkth KS orbitaluck(r )u2 for ~a! k580 with occupancy
f 8050.56 at t51.7 ps, the case ofEg50.03 eV, and for~b! k
578 with occupancyf 7851.00 at t52.0 ps, the case ofEg

50.2 eV. The densities are represented by isosurfaces atuck(r )u2

53.0/V ~dense!, 1.0/V ~transparent!, whereV is the volume of the
simulation cell. Each figure is rotated to clearly show the charac
istic regions of bonding and nonbonding, which are indicated ab
andn, respectively.
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The density of states near the band gap ofb-NaSn origi-
nates predominantly from bonding and antibonding sta
within a (Sn4)42 tetrahedron.17 The origin of the band gap in
a-NaSn is not very different from that ofb-NaSn. The
chemical potential is positioned in a gap of Snp states. The
occupiedp states correspond to a bonding state within
tetrahedron and the emptyp states just above the chemic
potential correspond to an antibonding state. As a uni
understanding of ion dynamics and the electronic states
the chemical potential, we propose the following pictu
The diffusive motions of Na1 ions induce the deformation
of (Sn4)42 tetrahedra. The deformations, namely, the cha
of the symmetry and the Sn-Sn distances within and betw
tetrahedra, will change the character of bonding within
tetrahedron into that of nonbonding. Because of the app
ance of a nonbonding state, the energy separation betw
bonding and antibonding states vanishes. The fast migra
of Na1 ions at higher temperatures induces further frequ
reduction of the band gap in some local regions ofa-NaSn,
which causes the enhancement of the bulk electronic con
tivity. So we can expect that the temperature dependenc
the electronic conductivity ofa-NaSn will be stronger than
that of activation type.

In order to investigate the character of bonding or no
bonding and its change, we depicted the density distributi
of KS orbitals near the chemical potential in several cas
We preliminarily ascertained that a character of bond
within a tetrahedron appears directionally on a side of a
rahedron by the observation of a highest occupied KS orb
of b-NaSn. Figure 4 shows the density distribution of a K
orbital and (Sn4)42 tetrahedra of two cases;~a! c80(r ) with
the occupancy off 8050.56, when the band gap nearly va
ishes (Eg50.03 eV, t51.7 ps),~b! c78(r ) with the occu-
pancy of f 7851.00, when the wide band gap exists (Eg
50.2 eV, t52.0 ps). Comparison between these two ca
enables us to investigate not only the character of eigens
near the chemical potential when the system is metallic
insulating, but also the coupling with the synchronous rec
ering of symmetry of tetrahedra towardt.2 ps. The char-
et
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acter of nonbonding appears in Fig. 4~a!, that is, the appear
ance of the isolated spherical peak on Sn atoms of
tetrahedra ofi 51,4,5,6,8. On the other hand, the character
bonding appears in Fig. 4~b! on the side of the tetrahedra o
i 51,3,5. Also, when the wide band gap exists (t52.0 ps),
the character of bonding within the other tetrahedra appe
in the other KS orbitals near the band gap such asc77(r ),
c79(r ), andc80(r ). Though the ionic configurations do no
change so much during 1.7,t,2.0 ps, the character within
a tetrahedron has greatly changed. We can expect tha
synchronous recovering of symmetry of tetrahedra stron
affects the electronic state near the chemical potentia
a-NaSn.

We summarize the present results and discussions.~1! Ion
dynamics ofa-NaSn is the diffusive motion of Na1 ions and
large deformations of (Sn4)42 tetrahedra. The mass cente
of (Sn4)42 still keep tetragonal lattice structure.~2! Dynami-
cal coupling of the band gap and ion dynamics determi
the characteristic electronic structure ofa-NaSn. The fluc-
tuation of the band gap between semiconducting and met
values, which is neither similar to that for the semicondu
ing b-NaSn nor to that for the metallic liquid phase, w
cause the anomalous temperature dependence of bulk
tronic conductivity of a-NaSn. Further conclusive studie
might be desired in a larger system in a longer time run
the future.
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