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Dynamical electron-ion coupling in an ionic solid NaSn at high temperatures is studietl bytio mo-
lecular dynamics simulation. The cooperative ion dynamics of the migration bfidtes and the deformations
of (Sn,)*" 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[S0163-182809)50132-X

The high temperature solid phase of NagaNaSn be- ion dynamics provides the possibility of designing materials
tween 757 and 854 K, shows anomalous behavior of conduavhose electronic transport is controlled by ion dynamics.
tivity which rises rapidly with temperature from semicon-  The constant-temperature AIMD simulation has been per-
ducting (about 5Q *cm™!) to metallic (about formed by a direct minimization methddf the energy func-
2000 O *cm 1) values' The lower temperature solid tional of the local density approximatiofLDA), and by
phase,3-NaSn(0-757 K), is semiconducting, with a band means of the Noskloover thermostat techniqié.We used
gapEy=0.74 eV, in which charge transfer and directional 80 occupied and 14 unoccupied Kohn-Sh&ks) single-
bonding lead to the formation of ($yf~ tetrahedral polya- electron orbitalsy,(r), (k=1,---,94). TheI point was
nions. The melting point ofr-NaSn is 854 K and (Sp*~  only used in the Brillouin zone and the KS orbitals were
tetrahedra survive even in the metallic liquid phasthe expanded in 6849 plane waves with an energy culRff;
large enthalpy change of 4.95 JmbK ! atthea-B phase =10 Ry. We used the Gaussian form as the entropy term
transition indicates that-NaSn is dynamically disordered. related to the electron occupatidp.® Also, we adopted the
The great attenuation and broadening of Bragg peaks at largeormconserving pseudopotential suggested by Hamann
wave numberaround 2 A1) obtained by the neutron scat- et al® with the Kleinman-Bylander separable foffhThe lo-
tering experiment show diffusive ion dynamicsdaNaSn3*  cal exchange correlation functional of Ceperly and Alder
These experimental facts suggest a strong coupling betweevas used. The equations of motion of ions and the thermostat
diffusive ion motion and conductivity. were solved by using Verlet's algorithtA A tetragonal cell

In this paper we report the results ab initio molecular of a=b=10.46 A, c=17.39 A was used as a simulation
dynamics(AIMD ) simulation ofa-NaSn. By using AIMD, it  cell under the periodic boundary condition. This cell corre-
is shown that the migration of Naions induces the defor- sponds to the primitive cell of soli@-NaSn and contains 32
mations of (Sp)*~ tetrahedra, which changes the characteMNa atoms and 32 Sn atoms. A volume expansion and sym-
of bonding within a tetrahedron. It is also shown that non-metry change occur at the-3 transition®** We neglect
bonding states appear due to the bond breaking within these changes because the differences are small.
tetrahedron, and the band gip is reduced. As a result, one  The initial atomic configuration in this simulation is that
can expect that the electronic conductivity increases rapidlpf the B-NaSn structuré? It has eight (Sg)*~ tetrahedra,
with temperature, which is consistent with experiments.and the edge length of a tetrahedron is 2.97 A. The mass
Metal-insulator crossover of an electron system coupled witltenters of (Sp*~ form a tetragonal lattice structure. Na
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over 0.25 ps at each timewhich clearly shows the fluctua-
1000 | . . . .
@ - (a) | tion of longer period; slight increase ofy,—T at 1<t
= 800 i WW\/WWWVW\/\W <1.5 and Xt<2.3, and slight decrease at £6<2. The
600 | i fluctuations of Ty, and Tg, are 6Ty,=90 K, 6T5,=93 K.
g 200 | . Though one considers the difference of number of samples,
= on RS RN 1 these fluctuations are much larger than thoseTpfi.e.,
Z © VNNasPTnase> VNnat NspdT. This suggests that the ki-
= -200 | netic energy transfer between two species occurs periodi-
0 0.5 Lime (1-§) 2 2.5 cally, though a certain part of this fluctuation may be due to
8.0 P the smallness of the size of our simulation cell. The kinetic
. (b) Na \/\/‘ energy flows from Na ions to Sn ions for 0.5<t<1 and
"g; 6.0 r / 1 1.5<t<2 ps, from Sn ions to N& ions for 1<t<1.5 and
A 40| . 2<t<2.3 ps. Becaus&-NaSn is an ionic solid, the dy-
= -~ Sa | ical ling b - hed d Nai
= o0l o~ ] namical coupling between ($y1~ tetrahedra and Naions
v e S s ve S Is strong.
— Gn) .
O'Oo o8 ; s , o5 The mean square displacemetMSD) for A [A
' time (ps) ' =Na,Sn,(Sp*"] is defined as (R3(t))a==14 [Ry(t)

—Rp(0)}2/N,. Ry(t) is the coordinate of theath atom
FIG. 1. (@) Instantaneous temperatufe Ty,— T (K). The bold  (clustep at timet, N, is the total number oA atoms(clus-

chain line is the average @fy,— T of which the value at time¢is  ter9. Figure 1b) shows the MSD for Na, Sn, and the mass
obtained by averaging from-0.125 ps tat+0.125 ps(b) Mean  center of (Sp)* . We observe that the motion of Ndons
square displacemerR*(t)) (A% for three species. The dashed s diffusive, accompanying two plateaus reflecting the peri-
Iines are drawn as guides to the eye to show the tendencies @fdic kinetic energy transfer seen in Figall From the Ein-
motions. stein relation, (R?(t))=6Dt, we can evaluate the self-

diffusion coefficient of N& ions as Dy,=5.8
ions and (Sp)*~ tetrahedra are densely packed and the tet 10-5 cn?/s. This value is comparable with that of the
rahedra are kept as far apart as possible. The nearest ”eigfﬁfuid Na at 473 K, 8.1x10°° cm?/s® Figure 1b) shows a
bor distances of Na-Na, Na-Sn, and Sn-Sn in the dlfferenbh—ﬂeau at=1 ps which corresponds to the cooling of Na
tetrahedron are 3.62-3.72 A, 3.35-3.53 A, 3.76 A, respecyns as seen in Fig.(4). During 1<t<1.5 ps, the heating of
tively. The simulation was performed for 3.5 ps. To obtainng* jons accelerates the increase of MSD for Na. The cool-
the results after equilibration, we discarded the producec;ing of Na' ions aftert=1.5 ps causes a plateau of MSD for

data of initial 1 ps, and adopted those of sequential 2.5 ps iR again at=2 ps. The values of MSD for Sn and those of
the present simulation. The temperature was set and CORRe mass center of (9Yf~ increase slowly aftet=1.5 ps

trolled at 790 K to reproduce the dynarqicsm#l\laSn. Dur-  gnd are saturated, after 2.2 ps, to the values of 2.72%&nd
?ng the simulation, the_co_nstant of the Ndsleiosver dynam- 1 g A2, respectively. Accordingly, the motions of Stions
iCASEEN/HE W?isk;agtlo"j’gh'” |AEnn|<2.2<107 Ry/atom,  anq those tetrahedra are not diffusive. The MSD for Sn in-
NH&=NH] = = ; . _ _dicates a large amplitudé(R%(t))s,=1.6 A of fluctuation
_ Figure 1 shows the time evolution of the physical quanti-f,m the equilibrium lattice poirzt, that is, 53% of the edge
ties describing the ion dynam|c§. The .|nstantan3eous temper?e'ngth of a tetrahedron. The large amplitude of motions of
tureN Ta for A (A=NasSn is defined as;NakeTa gy~ jons is consistent with the large attenuation of Bragg
=3 A, am,(Vq(t))? , wherem, andV,(t) are the mass and peaks® Again we should point out some possibility that the
the velocity at time of thenth atom,N, is the total number present system is not equilibrated enough for the relatively
of A atoms, andkg is the Boltzmann’s constant. The instan- small cell size. Independent of the MSD results, we observed
taneous temperatur€ for the total system is defined & that the larger diffusion of Na ions locally induces the
=(NnaTnat NsiTsn/(Nnat Nsp). Figure 1a) shows the to-  larger deformations of (S)h*~ tetrahedra. The tetragonal
tal instantaneous temperatufe and Ty,—T=—(Tg,~T), lattice structure of mass centers of ($h had been con-
whereT is subtracted fronT,, in order to exclude the short served. Possible motions of Snons are the rotational mo-
period fluctuation of 50—60 fs, caused by the thermostat dytions and/or the internal deformations of ($h tetrahedra.
namics. Temperature control was attained well; the average Because the edge lengths of a tetrahedron obtained here
temperaturg T)=792 K, the fluctuation of temperatu@T  vary between 2.6 and 4.5 A, the deformations of the tetrahe-
=((T?)—(T)?)Y2=44 K and 6T/(T)=0.056. We can find dra must be large. To analyze such deformations of,X'Sn
another fluctuation with a longer period T,— T of Fig. 1  tetrahedra, we calculated the third-order invari&wthich is
(@. The bold chain line is the average ©f,— T ranging defined as

4 4 4 i i i . i |3
m3)Q4le4m2Q4m3 / 2 Q. (1)

mq+my+mg=0 ( mp my
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FIG. 2. Time evolution of the third-order invariai\’?t/i4 for i
=1,3,5,7(chain line$, and fori=2,4,6,8(solid lines.

4 4 4
m, m; ms
is Wigner's § symbol, Qy==¢_;Yam(r)/4, Yy is a

spherical harmonics,, is kth vertex coordinate offth tetra-
hedron (=1,...,8) relative to its mass center coordinate;

W, = — Z+/sZ~ —0.16 for an ideal tetrahedron. The value of

\7Vi4 is sensitive to the deformation of a tetrahedron; for ex-
ample, the increase of the length of an edge of a tetrahedron
FIG. 4. The snapshots of the (§f" tetrahedra and the density

% givesW,=0. Figure 2 shows the time evolution of
by 30% giveswW,=0. Figure 2 shows the time evolution o distribution ofkth KS orbital| ¢4 (r)|? for (a) k=80 with occupancy

W,. We found that the deformations of tetrahedra are |argQBO:0.56 att=17 ps, the case dE,=0.03 eV, and for(b) k

and their time evolution is synchronous; that is, the recover=78 with occupancyf,g=1.00 att=2.0 ps, the case of

ing of symmetry toward=1 and 2 ps, and the onset of =0.2 eV. The densities are represented by isosurfac{aﬁzk(sc’[)|g
deformations after that. The tetrahedrai ef1,3,5,8 recover =3.0V (densg, 1.0V (transparent whereV is the volume of the
those symmetry towardt=1 ps, then those ofi simulation cell. Each figure is rotated to clearly show the character-
=3,4,7 starts to deform again. The same process occurs sitic regions of bonding and nonbonding, which are indicatetl as
quentially, as the symmetry recovering of the tetrahedra ofndn, respectively.

1=3,4,5toward=2 ps, and the onset of the deformations oy, , ;14 e stressed that the energy transfer could not be co-
of those ofi=1,3,4,5. The synchronous recovering Corre-perant over a macroscopic spatial extent, but only over a
sponds to the cooling of Naions, and the synchronous de- microscopic scale of the mean free path. The rise and drop of
formation corresponds to the heating of Nmns, as seen in  the kinetic energy of Naions correspond to the acceleration
Fig. 1(a@). . . _ and deceleration of diffusive motion of Ndons, and to the

We can depict the ion motions as follows. As the result ofgeformation and recovering of symmetry of ($h tetrahe-
the strong coupling between two atomic species, a local eryra.
ergy transfer between them occurs periodically. Here, it The eigenenergies of KS orbitals near the chemical poten-
tial are shown in Fig. 3, where the energies of the highest
occupied and the lowest unoccupied KS orbital are shown in
bold lines. Though the level crossings sometimes occur,
eigenenergies are separated with an interval of about 0.1 eV,

Here

w

2.8

Eigen energies (eV)

2.6

2.4

2.2

2.5

so a band gajgy can be defined. The wide band gap exists
(Eg=0.1-2 eV) for 0.4t<1 and 1.Kt<2.1 ps, while it
frequently vanishes fot=0.25 1<t<1.7 andt>2.1 ps.
Thus, E fluctuates from semiconducting to metallic values,
roughly corresponding to that of the kinetic energy fluctua-
tion between two atomic species. We can expect that the
change inEy is due to a strong coupling between the ion

FIG. 3. Time evolution of the eigenenergies near the chemicalynamics and electronic states. Again we should stress that
potential. The energies of the highest occupied and the lowest urthe fluctuation of the band gap could not be coherent over a
occupied levels are drawn by bold lines.

macroscopic spatial extent.
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The density of states near the band gaggdflaSn origi-  acter of nonbonding appears in Figa4 that is, the appear-
nates predominantly from bonding and antibonding stateance of the isolated spherical peak on Sn atoms of the
within a (Sn,)*~ tetrahedrort! The origin of the band gap in tetrahedra of=1,4,5,6,8. On the other hand, the character of
a-NaSn is not very different from that oB-NaSn. The bonding appears in Fig.(d) on the side of the tetrahedra of
chemical potential is positioned in a gap of Bstates. The 1=1,3,5. Also, when the wide band gap exists=¢.0 ps),
occupiedp states correspond to a bonding state within af[he character of bor)dlng within the other tetrahedra appears
tetrahedron and the empjystates just above the chemical in the other KS orbitals near the band gap such/agr),
potential correspond to an antibonding state. As a unified’7s("), @nd ¢go(r). Though the ionic configurations do not
understanding of ion dynamics and the electronic states ne&P@nge so much during kx#<2.0 ps, the character within
the chemical potential, we propose the following picture.2 térahedron has greatly changed. We can expect that the
The diffusive motions of N& ions induce the deformations SYN'chronous recovering of symmetry of tetrahedra strongly

of (Sny)*" tetrahedra. The deformations, namely, the changgﬁeCtS the electronic state near the chemical potential in

. P -NaSn.

of the symmetry and the Sn-Sn distances within and betweef . .

tetrahedra, will change the character of bonding within a We summarize th? prese'nt re;ults and d|scu§s(¢mmn
lynamics ofa-NaSn is the diffusive motion of Naions and

tetrahedron into that of nonbonding. Because of the appea‘ij ) .
ance of a nonbonding state, the energy separation betwe 9¢e deformanons of (S tetrahedra. The mass cer)ters
9 gy sep (Sny)*~ still keep tetragonal lattice structur@) Dynami-

bonding and antibonding states vanishes. The fast migratioﬂ

of Na* ions at higher temperatures induces further frequen't:al coupling (.)f _the band gap and ion dynamics determines
reduction of the band gap in some local regionsveiasn, the characteristic electronic structure @fNaSn. The fluc-

J:L_Jation of the band gap between semiconducting and metallic

F\Iues, which is neither similar to that for the semiconduct-
ing B-NaSn nor to that for the metallic liquid phase, will
cause the anomalous temperature dependence of bulk elec-
tronic conductivity of @-NaSn. Further conclusive studies
ight be desired in a larger system in a longer time run in
e future.

tivity. So we can expect that the temperature dependence
the electronic conductivity of-NaSn will be stronger than
that of activation type.

In order to investigate the character of bonding or non
bonding and its change, we depicted the density distributiongr:
of KS orbitals near the chemical potential in several cases
We preliminarily ascertained that a character of bonding
within a tetrahedron appears directionally on a side of a tet- We thank Y. Ishii for a fruitful discussion when develop-
rahedron by the observation of a highest occupied KS orbitahg the calculation code. The numerical simulations were
of B-NaSn. Figure 4 shows the density distribution of a KScarried out by the computer facilities at the Institute of Mo-
orbital and (Sp)*~ tetrahedra of two case&) ¥g((r) with  lecular Science at Okazaki, at the Super Computer Center,
the occupancy of gy=0.56, when the band gap nearly van- Kyu-shu University, and at the Institute for Solid State Phys-
ishes Eg=0.03 eV,t=1.7 ps),(b) #5(r) with the occu- ics, the University of Tokyo. We also acknowledge the Cen-
pancy of f;6=1.00, when the wide band gap existEq4( ter for Promotion of Computational Science and Engineering
=0.2 eV,t=2.0 ps). Comparison between these two case$CCSH of Japan Atomic Energy Research Instit(dAERI)
enables us to investigate not only the character of eigenstatésr the use of the computer facilities. This work was partially
near the chemical potential when the system is metallic osupported by a Grant-in-Aid for COE Research and also a
insulating, but also the coupling with the synchronous recovGrant-in-Aid from the Japan Ministry of Education, Science,
ering of symmetry of tetrahedra towate-2 ps. The char- Sport, and Culture.
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