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Ab initio molecular-dynamics study of diffusion and defects in solid L4N
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We investigate defects and diffusion in solid;N, a superionic conductor, using the projector-augmented-
wave implementation of Car-Parrinello molecular dynamics. Static calculations are used to discuss the struc-
ture and formation of Li vacancies, where we also consider hydrogen interstitials. The barrier for lithium jumps
to vacant adjacent sites in the,IN plane (L c¢) was found to be extremely small, namely, 0.004 eV, whereas
jumps perpendicular to the &N plane (|c) have a barrier of 0.58 eV. Therefore diffusion in the plane) is
limited by the formation of vacancies, whereas the barrier dominates perpendifjcjato(the plane. A
molecular-dynamics run at 800 K confirms the anisotropy of diffusion and leads to diffusion coefficients
consistent with experiment. From the trajectories we deduce a microscopic diffusion mechanism and find that
mainly isolated jumps take place.

l. INTRODUCTION be answered. Several experimérifs-3have established that
the charge carriers responsible for conduction &2 va-
Lithium nitride is a superionic conductor with a high Li cancies, which consist of a vacant(2)i site in the LiN
conductivity that has been studied intensively because of itglane. The barriers for jumps between vacancy sites are cru-
potential utility as electrolyte in solid-state battertds. ad- ~ cial for a microscopic-scale understanding of the diffusion
dition, the occurrence of ionic mobilities within a crystalline process, which may take place simply as fast diffusion of
solid comparable to those of molten salts is of considerablésolated ions or in solitary events of correlated ion move-
fundamental interest. Experimentally the defect structurefnents. To elucidate the latter point, a simulation of the
phonon structure, and diffusion have been examined usinbisN crystal at higher temperatures may provide new insight
x-ray>~* Compton neutron? and Raman scatterirlg, into the microscopic mechanism involved.
NMR,2 and conductivity?'* measurements. Theoreti-  In this paper we report an application ab initio MD
cally, the electronic structure has been studied with the lincalculations to the Li diffusion in LJN. We used the Car-
earized augmented plane wav@APW) method® and
pseudopotential§ using density functional theor§DFT) as

well as Hartree-Fock calculatiod$.lt has been shown in o) o) Li(1)
these calculations and in Refs. 4 and 5 that the bonding is )
mainly ionic (near Li* and N®7) but contains small cova- i @O @0 LyN

lent contributions and distortions of the highly polarizable .
N3~ ions. From the electronic charge distribution, the elec- °f © © L
tric field gradient was derived on a first-principles b#sis ' @-o--@-O-
and was found to be in excellent agreement with experiment.
These calculations have demonstrated that DFT calculations
describe such systems well.
At about the same time, in a completely different ap- Liy N layer — -eeeepmomomoooooes >
proach, the dynamics in LN has been studied by S o0/ 0
molecular-dynamic$MD) simulation!®~?! The peculiarities S0 S0
of the dynamics are related to the hexagonal crystal structure. . “““““ . “““““ 7
It consists of consecutive LN planes[with the Li(2) posi- a/ O/ O/
tions| sandwiched by L(il) atoms located between adjacent /O RS
N atoms(Fig. 1). The MD simulations took into account only @ - ® '
ionic interactions between atoms having a parametrized rigid
ion potential. Nevertheless, they have been able to demon- £ 1 The crystal structure of LN consists of a layered hex-
strate the importance of the defect structure in th&)Li agonal structure in which each filled circle) is surrounded by a
sublattice and to reproduce the anisotropy of the mobilityhexagon of Li2) (open circlé forming the Li,N planes. L{l) is
parallel and perpendicular to tlweaxis, thus confirming the  sandwiched between such layers and lies on top of the N atoms at
picture deduced from experimerfs. the center between two adjacentilayers. Our supercell contains
However, before a thorough understanding of the conduciwo Li,N layers[with eight Li(2) and four N atomband two Li1)
tion in Li 3N can be achieved, some open questions remain tayers[with four Li(2) each.

Li,N
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Parrinello methotf as implemented in the projector- probe the same transport mechanism. Thereforé idns
augmented-wave(PAW) method recently developed by seem to diffuse in a mechanism that involves negatively
Blochl.?® After preliminary tests(Sec. Il), we first per- chargedV(2) vacancies.

formed static calculations with which we investigate the
ionic and electronic structure of defed¢Sec. IV A) and de-
termined the barrier height for jumps of single Lito a
neighboring vacancy sitéSec. IV B. The Li* diffusion in A. The PAW method
the Li,N plane faces only a negligible barrier and must
therefore be limited by the number of availabl€?) defects,
whereas perpendicular to the planie) the Li* must over-
come a barrier of 0.58 eV. Second we investigated dynamic
properties and simulated diffusion of a vacancy in solid
Li 3N from first principles. We will show in Sec. V A how
conductivity and diffusion of Li ions take place in the
Li ,N plane (Lc) and perpendicular to it|€).

Ill. METHODS AND TESTS

Our calculations are based on thie initio MD method of
Car and Parrinelftf in the new implementation of the PAW
ethod, which has been published in detail elsewfETde
uclear motion was treated classically and was combined
with the electronic degrees of freedom within one formalism
in which the equations of motion for electrons and nuclei
were solved by means of MD. To describe the electronic
structure we used DFT within the local density approxima-
tion (LDA) for exchange and correlatidfiValence electrons
Il. EVIDENCE OF THE VACANCY MECHANISM were expanded in a projector augmented plane wave basis
OF DIFFUSION set.

In order to be able to relate our simulations to macro-
scopic measurements, we consider the dc ionic conductivity B. Computational details
o and the self-diffusion coefficied®" of Li ions, both of

: ; If not stated otherwise, the calculations onsNi were
which follow an Arrhenius law,

performed in a hexagonalX2Xx?2 supercell of 32 atoms

shown in Fig. 1, which was repeated periodically in space.
(1)  The lattice parametersai=3.641 A, c=3.872 A of LigN

were taken from x-ray experimerftdhe electronic structure

where AH denotes the activation enthalpy of the processwas determined using four high-symmetktypoints. In the

The conductivityo is described by the Nernst-Einstein equa—Case of nominally charged simulation cells, a compensating

. ;{ AH)
gxDYocexp — ,

kT

uniform background was used in the calculation. This works

tion well within a series of calculations where the charge remains
Q2 constant. However, problems arise if one wants to compare

g:nUD”ﬁ, (2) the total energies of differently charged simulation cells be-

B cause here it is difficult to define the Fermi energy common

all cells.

In a first test we varied the lattice parametein a unit

cell containing one formula unit using eight spedigboints.

The theoretical equilibrium at/a=1.051 differed from the

experimentalc/a=1.063 by only about 1%. In addition we

used the diatomic molecules Liand N, as test cases for

PAW. We achieved good convergence for the ground-state
Ef electronic properties with a plane-wave cutoff of 25 Ry and a

n,=n exp( T/ 3 cutoff for the electronic charge density of 50 Ry. The results
B agree well with other LDA calculations and are reported in

wheren is the appropriate site concentration. Ref. 23 together with tests on various other systems.

Bechthold et al° gave the following evidence that Li In the dynamical simulations, the fictitious electron mass

ions diffuse mainly via a vacancy-assisted mechanism. They/as chosen to be 1000 a.u., which allowed a time step of 10

measured the Li ion diffusion coefficieBt' in NMR experi- ~ &-U.(0.24 f9. We used a Noseioover thermostt to keep

ments and related it t®¢, which has been deducedrom  the average ionic temperature at a fixed value and a second

conductivity measuremenf&q. (2)], where the macroscopic thermostat to correct for the energy transfer from the ionic to

density of charged/(2) vacanciesn,~10% m~2 has been the electronic degrees of freeddfh.

estimated from the hydrogen impurity content of the sample.

The two diffusion coefficients are related to each other by C. Electronic properties of ideal Li3N

where the diffusing species are characterized by their chargIQ
Q and the diffusion coefficiedd“, which also has an expo-
nential temperature dependence. Chardd@) vacancies
seem to be the predominant charge carriers isNLY® The
macroscopic density of charge carriersin Eqg. (2) can be
related to the formation enerdy' of the V(2) vacancy by

nfDY=n f D° (4 The band structure of KN obtained with the very accu-
e rate full potential(FP) LAPW method’ served as a test for

wheren stands for the density of Li ion sites per unit volume PAW. Figure 2 shows the band structure obtained from FP
(6.72<10%° m~3). In their analysis Bechtholat al’® as- LAPW, when ninek points in the irreducible wedge of the
sumed that the ratio of the correlation factbgsf is close to ~ first Brillouin zone (IBZ) were used in the self-consistent
1 and independent of temperature. From the agreement of tHield cycle. This is equivalent to a supercell 0k2X 2 for-
activation enthalpyAH between conductivity¢) and NMR  mula units with three independent high-symmetigoints as
(DY) measurements, they concluded that both methodesed in PAW. The energy levels of FP LAPW and PAW
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FIG. 2. Band structure of 5N calculated with FP LAPWdot9
and PAW (circles using an identical Brillouin-zone sampling to
obtain self-consistency.

agreed to within 0.07 eV. The band gap in this syste¥wW
1.07 eV; FP LAPW 1.09 eYwas close to the fully con-
verged FP LAPW gap of 1.13 eV when 70 instead of nin

underestimate the experimental band gap of 2.2 eV, as can

expected from an LDA calculation. Also the cohesive ener

gies (PAW —13.46 eV; FP LAPW-13.10 eV agree to
within 3%. Part of these small deviations may result from th
use of different exchange correlation potenti@efs. 24 and
28) in PAW and FP LAPW.

D. Electronic properties of lithium metal

To test the Li projectors used in our PAW scheme further;,,
we ha_ve also calculated the eleqtronlc structure of I_|th|um To create theV(2) vacancy,
metal in a supercell of 16 atoms in the bcc lattice using all
eight high-symmetryk points. This corresponds to a calcu-
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FIG. 3. StaticV(2) configurations associated with the(2) dif-
fusion in the LLN plane (Lc). Filled and open circles depict N and
Li ions, respectively, wherea¥(2) vacancies are marked with a
cross. The arrows indicate how the neighboring Li ions relax to-
wards the vacancy. The reaction coordinatdescribes the relative
coordinate of the Li ion that fills th¥(2) vacancy.(a) The relaxed
V(2) configuration withA =0.0. (b) The symmetric split-vacancy
configuration with\ =0.5 and a total energy of onh}fzo.004 eV
higher than that ina).

V(2) type (a Li vacancy in the LjN plane. We have created
this vacancy by removing one Liion from our[Li,,Ng]
supercell indicated by the cross in FigaB During relax-
ation of the resultingLi ,sNg]~ supercell atT=0 K the
three neighboring Li ions move towards th&2) site (as
llustrated by the arrowso compensate for the missing posi-
lE e charge. The&/(2) vacancy must be charged, because the
ighest occupied bands in 4N are formed almost entirely

of N 2p orbitals that are little affected by the absence of a
Li * ion. If one generated an uncharg¥) defect by re-
moving a neutral LY atom, a hole in the valence band would
appear and lead to aN ion, an energetically very unfavor-
able process. Therefore, in the following the notat\é(2)

will refer to the negatively charged state of the vacancy and
only in some cases will the negative charge be stated explic-

two mechanisms are dis-
cussed in the literature.
(a) The intrinsic generation of a vacancy interstitial in the

lation of a cell comprising two atoms and six independenty,|iq_state reaction
k points. To describe the metallic structure, fractional occu-

pations were used for some of the electronic states and opti-
mized to find the minimum total energy. The PAW results
agree well with data from the literature obtained with the FP

LAPW (Ref. 29 or the augmented spherical way&SW)
method® (Table ).

IV. STATIC CALCULATIONS

A. Structure and formation of V(2) vacancies

2[LisN]®—[Li,N]~ +[LisN]*,

ideal crystal-[V(2)]” +[1(1)]* (5)

involves a negatively charge¥(2) vacancy in the LjN
plane and a positive interstitial in the (L) layer.

(b) V(2) may be generated by substituting Li with hydro-
gen, so that a NHE can form, which has been seen
experimentally®> This negative ion favors an additional

It has been established by conductivity measureni®nts |+ for its stabilization so that a L'i must be removed from

that charge carriers in KN are predominantly defects of the

TABLE I. Lithium metal, supercell cell of 16 atoms in the bcc
lattice with eight high-symmetri points.

PAW FP LAPW  ASWP
Cohesive energyeV) —-1.80 -1.70
Lattice constanta.u) 3.41 3.37 3.39
Bulk module(kban 146 140

8Reference 29.
bReference 30.

a neighboring cell, leading to[d/(2)] ~ vacancy. This reac-
tion scheme can be sketched

[LigN]®+[Li,NH]°—[Li,N]~ +[LisNH]",

[V(2)H]*—[V(2)] +[H]". (6)

This mechanism is supported by the observation that the con-
duction in Li3N increases drastically with the hydrogen con-
tent of the sample¥

The charge density of the entities involved in E@). can
be seen in Fig. 4. For th€(2) vacancy a relaxation of the
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displaced from its regular site by 0.22 A. The formation of
the NH?~ ion created a split-vacancy configuration similar
to that in Fig. 3b).

When a L{2) ion was added to the supercplli,NH]° to
generate the configuratidhi ;NH] * [Fig. 4(c)], only minor
changes occurred with respect to the NHion: It still has
almost the same N-H distan¢&.05 A) and position as in
[Li,NH]°, although it is surrounded by six () ions on
nearly ideal sites ifiLi ;NH]*.

In both mechanismgEqgs. (6) and (5)] of generating
V(2) vacancies, simulation cells of positive and negative
charge appear. This makes it difficult to calculate YH)
formation energyE', which is defined by the corresponding
total energy difference. This difficulty arises because, in our
small supercells, a common Fermi energy is not well defined
(as mentioned in Sec. lll A

B. Barriers E™ to move a vacancy

The conductivityo due to diffusion ofV(2) vacancies
depends exponentially on temperature via bothand D¢
according to

Ef+EM
kgT

)

oxn,D%« exp( —

whereE' is associated with the formation of vacancies and
E™ describes the barrier for a Li ion to hop to an adjacent
vacancy site.

In order to determin&™ theoretically we have introduced
a reaction coordinata, which is the projection of the Li
position onto the line connecting the (R} sites occupied
before and after the jump, respectively. We have constrained
one Li ion to a certain value of with respect to the lattice
(represented by the neighboring two N ipasd then relaxed
all other ion positions in ourLi ;3N g] ~ supercell. Repeating
this procedure for several values »fallowed us to find the
saddle point configuration for the respective jump.

1. Jumps in the LN plane

In the Li,N plane (Lc) Fig. 3@ corresponds to the
ground state and =0. If we move the Li in the upper left

FIG. 4. Valence charge density corresponding to the nitrogeryeel| that is marked with an arrow towards the vacancy
2p bands in the LN plane. The small circular peak contours rep- (cross in the lower left subcell, we end up with the vacancy

resent the core region of the LszZharge densities. In a window
similar to that in Fig. 3 we show the three defects that enter into Eq
(6): (a), (top) Li(2) vacancy[V(2)]"; (b), (centey [Li,NH]°: one
Li(2) substituted by H(c), (bottom) H interstitial [Li jNH]*. Con-
tour lines are spaced logarithmically.

three neighboring Li ion§llustrated in Fig. 8a)] can clearly
be seen from the density pldtig. 4@)]. Between these three
Li * ions there is only a small variation in density, which
most likely originates from the highly polarizable®N ion.
This situation leads to a rather flat potential arod(@).

We started to investigate the neutfhal ,NH]° case[Fig.
4(b)] by simply substituting one of the (2) with a hydrogen

in the former cell { =1). Halfway on this pathX=0.5) we
pass through a transition stdt€ig. 3(b)], which we term a
split-vacancy configuration; i.e., two (4) sites are vacant
(crosses We relaxed the system for five values »fand
found a smooth potential curve as a function of the Li posi-
tion. An analysis shows that (4) ions are situated in a very
shallow potential in the LiN plane. TheV(2) ground-state
configuration was onlf"=0.004 eV lower in energy than
the relaxed split-vacancy configuration, so almost no barrier
exists for these jumps. This is consistent with the experimen-
tal result of Wahl and Holland* who determined the di-
electric loss in LgN as a function of temperature. They
found the Li ions to be in a very flat harmonic potential by

atom. During the substantial relaxation, the H atom moveditting the relaxation rate with an energy barrier of 0.04 eV.

away from the original L) site and bonded to N with a
distance of 1.06 A, forming an NH ion surrounded by five
Li(2) ions within the LLN plane. Additionally, this N was

In view of the smallness of this value, the agreement be-
tween theory and experiment is satisfactory. A point charge
model yields the opposite ordering, and its energy for the
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FIG. 5. Schematic path of Li ions moving perpendicular to the ‘#
Li ,N plane {c) to fill a V(2) vacancy(cross. Filled and open >
circles depict N and Li ions, respectively. The reaction coordinate
\ describes the relative coordinate of the Li ion that moves from
the lower to the upper LN plane. Shown are five distinct configu-
rations for differentA and the respective total energy difference
EP with respect to the relaxe¥(2) configuration. The barrier is [ 6. Trajectories of L(2) ions illustrating a typical diffusive
symmetric. Note thaE} for A=0.5 is lower than fon =0.4. event of the rattle-and-jump mechanism of diffusion in thgNi

plane (Lc). The nitrogen atoms remain very close to their equilib-

split-vacancy state is 0.08 elwer than that of theV(2)  rium positions(filled circles. For a detailed description see text
configuration. This means that the small magnitudeEff (Sec. V A.
can already be understood for purely electrostatic interac-

[ ]
4
[ 3

tions, but the difference between PAW and the electrostatic V. DYNAMIC SIMULATIONS
model indicates the importance of covalent effects in the -
bonding of LisN. This missing covalency may have caused A. Diffusion of a vacancy

the difficulties in the simulation of Wolf, Walker, and In order to understand superionic conductivity, which
Catlow;® who succeeded in describing the general diffusiontakes place in a vacancy-assisted mechanism, we can simu-
mechanism with its anisotropy but overestimated the diffujate the diffusion of an isolated charged Li vacancy in
sion constants by three orders of magnitude. Those authors ;N. For our PAW MD simulation we created \&(2) va-
used a pairwise ion potential and did not explicitly inC|UdeCancy by removing one /i ion from one Li,N layer in our
covalency effects. standard cell, leading to [&i ,3Ng] ~ supercell. We chose a

Based on our value fdg[" we argue that the experimental temperature of 800 Kwell below the melting point of 1086
value of AH=E"+ ET~0.3 eV(Refs. 8, 10, 12, and 13or K) and expanded th& =0 K value of the lattice constant
superionic conductionr, originates mainly fronE’. There- a by 2% to describe the system at 800 K according to x-ray
fore the conduction in the LN plane is mainly limited by results? We have equilibrated the system for a few picosec-
the number of available charge carriers, nam€l2) vacan-  onds and then simulated it by PAW MD for about 6 ps.
cies. This is in contrast to the traditional model where a

barrier of 0.2 eV is assumed in the diffusion mechanism. 1. Details of trajectories

To illustrate the predominant diffusion mechanism, the
trajectories of Li ions in the LiN plane are shown in Fig. 6.

For the vacancy diffusion perpendicular to theMiplane  The Lj positions 1, 2, 3, 8, 7, and 6 are arranged in the form
(Ilc) we have investigated three possible reaction paths ang a hexagon around the N atom at the center of the22
found a sizable barrier for all of them. The reaction coordi-ce||. We only show a fraction of our simulation time, which,
nate\ describes the coordinate of one Li ion in units of however, contains all the characteristics of the diffusion
c. In Fig. 5 the initial situation X =0) is characterized by a events. At the beginning of the depicted time slab from 3.5 to
V(2) vacancy in the upper laygcross. The three paths are 5.0 ps, the vacancy was at site 7. From 3.5 to 4.0 ps, ions
as follows. move simultaneously from site 3 to 8 and from 8 to 7. From

(i) The left Li(2) from the lower layer moves towards the 4.0 to 4.5 ps, sites 3 and 8 are in a split-vacancy configura-
vacancy. Halfway on this reaction path<0.5) a dumbbell  tjon with an unsuccessful jump attempt of ion 2 towards site
configuration is formed, where two Li ions are close to the3. From 4.5 to 5.0 ps, the ion on site 4 approaches site 3 but
Li(1) position. This barrier configuration is centrosymmetric returns immediately. The Li ions at the sites 5, 6, and 1 are
with an activation energy dE|'=0.58 eV, exhibiting a shal- not involved in this diffusive event and rattle around their
low local minimum of 0.56 eV ah=0.5. equilibrium positions. We chose this time slab to show the

(i) If the right Li(2) ion in the lower plane in Fig. 5 main features of the diffusion in the plane. They can be sum-
should move nearljc to fill the V(2) vacancy abovécross,  marized as follows(i) the importance of the vacandjji) a
it faces a barrier of 0.68 eV. large probability of the Li atoms to remain near their equi-

(iii ) The obvious mechanism by which a(L) ion fills the  librium positions, (iii) isolated jump attempts to a vacant
neighboringV(2) vacancy is associated with a rather high neighboring site, andv) the stability of the nitrogen sublat-
barrier of 1.2 eV. tice.

Path(i) is the most likely reaction path for Li jumgig. In For motion of Li ions between LiN planes |c) we ana-
contrast to the case of jumps within the plane, the barrietyze the trajectories and extract the number of Li ions in the
(E|'|“=O.58 eV} dominatesAH=E"+ ET‘. This explains the four planes of our supercell as a function of simulation time
pronounced anisotropy of conduction in terms of barriers. (Fig. 7). We see that at 2.1 ps a Li ion jumps from the filled

2. Jumps between LN planes
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Li 3N. The mobility is high in the LjN plane (Lc) (upper curve

e . and much smaller perpendicular to the,Ni plane (c) (lower
FIG. 7. Diffusion perpendicular to the ,N plane (c). Shown curve perp 28 P (o) (

is the number of Li atoms that occupy each of the four planes in our
supercell. The vacancy is initially in the upper,N layer (occupa-
tion 7 instead of 8 The thin line on top is the periodic image of the
lowest Li,N layer. The dashed vertical lines mark an interplanar
jump of a Li ion.

dumbbell configuration for about 0.4 ps is consistent with the
associated local energy minimum of this configuration as dis-
cussed abovéSec. IV B, Fig. 5.

It should be mentioned that the rapid motion of Li ions
between LN planes {[c) in our MD run differs from the
more gradual movement reported by Wolf, Walker, and
Catlow?®

bottom Li(2) layer to the L{1) layer forming anl (1) inter-
stitial (dumbbell configuration Within about 0.5 ps one of
the Li(1) in the dumbbell fills the vacancy in the top(R)
layer. Now the vacancy is in the bottom layer and remains
there until about 4.8 ps. At 4 ps a(B) from the upper

Li ,N plane jumps to the top (1) layer, creating a second In our §imulation we monitored the mean-square displace-
V(2). At 4.8 ps there is another jurfig filling the V(2) inthe ~ ment of Li ions(Ar?(t)) for about 6 ps. The curves in Fig. 9
bottom layer(or the periodic image at the very tofh detail ~ show that the self-diffusion in the kN plane (L c) is much

of this process is illustrated in Fig. 8 for the two crucial Li larger than that perpendicular to the,N plane (|c), a clear
ions, where at the beginning of the depicted time windowanisotropy in agreement with experiment. From the slope of
one of them(dashed lingis at a Li1) site and the other the curves the diffusion coefficie” of the diffusing spe-
(solid line) is in a Li(2) site in the lower LN plane. The two ~ cies can be deduced using

Li ions share the L({l) position from 4.4 to 4.8 ps before one 2 ”

of them (dashed ling fills a V(2) vacancy in the upper <Ar|\(t)>:2DHt+BH’

Li ,N layer. The observation that both Li ions remain in the

2. Diffusion coefficient

(Ar2(t))=4D%t+B, , (8)

, . whereB| andB, are the Debye-Waller factors parallel and
perpendicular to the axis, respectively.

According to the analysis presented in the previous para-
graph(Figs. 7 and 8our supercell contains twid(2) vacan-
cies during the time interval from 4.0 to 4.8 ps. Therefore the
diffusion L ¢ was doubled during this period because twice
as manyV(2) vacancies contribute to it. This observation
explains the steep slope in the mean-square displacement

z (A)

TABLE II. Diffusion coefficient of theV(2) vacancy at 800 K.
The vacancy concentration in the experimental samples was as-
sumed to be equal to the hydrogen impurity content for this com-

| 1 parison.
4 5 -8 2 -8 2
time (ps) D, (100°m?%s) D;(10°m*%s) D, /Dy
Theory 3.4 13 2.6
FIG. 8. Detail of the diffusion mechanism perpendicular to theo (Ref. 13 35 24 15
Li,N plane {/c). Trajectories of the two Li ions involved in the NMR (Ref. 10 73 39 3

process projected onto theaxis.
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TABLE Ill. Vibrations of ions around their equilibrium posi-

tions described by the Debye-Waller fact®r(in A2). The MD
simulations were performed in a supercell containing no vacancy.
- ] The experimental data have been refined in a harmonic model
8 (Ref. 3.
= _
=
£ Li@c Li@Lc Li@|c Li@Llec Nlc
o -
é‘ 300 K theory 0.04 0.02 0.01 0.03 0.01
'_—g | 300 K expt. 0.03 0.01 0.01 0.02 0.01
Q
& 800 K theory 0.10 0.07 0.02 0.09 0.02
N 800 K expt. 0.07 0.04 0.03 0.04 0.03
7 8 . s . .
. of several ions(within one optical phonon perigdoccurs
time (ps)
frequently. For example, we have observed a few events of
S . . . ~up to four jumps occurring within 0.1 ps.
FIG. 10. Distribution of residence times between jumps in The portion of the histogram that lies above the exponen-
our simulation. The dash-dotted exponential curve is approached fofg| at small 7, indicates that less than 10% of the jumps
totally uncorrelated single atom jump events. occur in a concerted way. Therefore, we do not find strong

evidence of correlated motions, although this would be fa-

(Ar?(t)) in the respective time interval in Fig. 9. Table I vored by the small supercell of our MD simulation.
refers to the diffusion of a singl#(2) between 0 and 4 ps,

where we have also neglected the possibility of backward
jumps. B. Debye-Waller factors

The importance of the charge-carrier concentratigrat From our MD run we can also estimate Debye-Waller
the chosen temperature makes a comparison with experimepictors in Li;N. We will show below that they have an an-
difficult. Commonly,n, is estimated by the hydrogen impu- isotropy as in experiment but opposite to the one expected
rity concentration 7.210% m™3 in the experimental from the calculated diffusion mechanism.
sample'® The assumed,, values are likely to be too small, We simulated the motion of the ions at 300 and 800 K in
overestimating the experimental values Df in Table Il. g supercell without a vacancy. The mean-square displace-
Furthermore, the comparison may be hampered by the agnent(Ar2(t)) of speciesa equals the Debye-Waller factor
sumption that conductivity results taken around rooMmp a5 long as no diffusion takes plafgg. (8)]. In Table 11
tempera}turla3 can reliably be extrapolated to the temperatureye compare our results to data from x-ray experiments that
of our simulation =800 K). have been refined in a harmonic modl&@ur simulation re-
produces well the experimental results for vibrations in the
planes of the crystall(c). The vibrations of N ions are

From an analysis of the trajectories of each ion we camegligible both in experiment and in our simulation, which
learn about the microscopic time scales involved in diffu-might be related to the eightfold coordination of each N ion.
sion. For this purpose we defined a sphere around each IQwing to the cell geometry the vibratidic of Li(1) and N
site in the crystal having a radius of 1/3 of the intersite dis-occurs with identical amplitudes. These values are smaller in
tance. The average residence time of a Li atom in thesthe simulation than in experiment, because we have only
spheres i€ 7,)=1.3 ps. In view of the much smaller average simulated the phonons related to N idfs at thek point
flight time between sphere&r;)=0.2 ps, an analysis in A, whereas the phonons Htwere suppressed by the small
terms of single jumps appears to be vafdrhis is to say size of the supercell.
that even at 800 K we do not observe a liquidlike diffusion A related detail has been reported by Wolf, Walker, and
mechanism in LiN, where these times would be of compa- Catlow!® in their conventional MD simulation. They found a
rable magnitude. “rumpling” of the Li(2) atoms in the LjN plane, which

To investigate the possibility of solitary events of the cor-leads to a double peak in the probability density function of
related motion of several ions, we show the distribution ofLi ions along thec axis. We, however, found a smooth
residence times; in Fig. 10. This histogram describes the Gaussian-like shape for this as well as for all other distribu-
probability P(7,) of a Li ion leaving a site after a residence tions that led to théAr2(t)).

3. Random jumps or correlated motion?

time 7,. There are two cases. The relatively small vibrations of (2) | ¢ support the
(i) For random jumps the distribution should approach theobservation that I(R) ions remain close to their sites if they
dash-dotted exponential curve are not involved in a specific jum(Fig. 6). Li ions should

therefore diffuse primarily in single jumps, in agreement
B(r) = iexp{ B i) © with our analysis in Sec. VA 3.
AT (1)) It is interesting to note that the preferred direction of dif-
) fusion is perpendicular to the direction of the largest ampli-
(i) P(7,) should peak above the exponential distributiontude of vibrations, the latter lying in the direction (|c) for
expected for random events at smalif a correlated motion  Li(2) and perpendicularl(c) for Li(1) as shown in Table III.
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The obvious mechanism of diffusianc in the much more rate-limiting quantity for diffusion. Finally, we were able to
open Li1) plane does not occur, although it would be sup-describe statistical aspects of the general mechanisms of dif-
ported by the large amplitude of vibration of(L) L c (Table  fusion with a dynamical simulation. In our molecular-
). In this context it is useful to remember that thé1)iN dynamics simulation we have shown that a description of
distance is shorter than the(Rj-N distance’ indicating a  diffusion in terms of individual uncorrelated jumps is still

stronger bond of the former. valid at 800 K, and we have obtained theoretical diffusion
coefficients at this temperature that agree well with experi-
VI. CONCLUSIONS mental data.

In this work we have demonstrated thato initio
molejcular-dynamlcs _calculapons with the PAW m_ethpd can ACKNOWLEDGMENTS
provide new insight into various aspects of diffusion in sol-
ids. First, the electronic structure of the charge-carrying de- This work was supported by the Austrian Science Foun-
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lattice. Then, atomistic insight into the diffusion mechanismProject No. 80601511 and has benefited from the collabora-
has been gained by studying well-defined transition state8on within the Human Capital Mobility Network on “Ab
along the reaction paths corresponding to jumps of Li ionsnitio (from electronic structupecalculation of complex pro-
between sites. For instance, by comparing activation energiegesses in material@Contract No. ERBCHRXCT930369
we have learned that for Li diffusion in the plane, not theOne of us(J.S) thanks Roberto Car for stimulating discus-
individual jumps but the creation of thé(2) defects is the sions.
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