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Molecular dynamics simulations are performed to study the lithium jumps in 4 d#&%s. In particular, we
calculate higher-order correlation functions that probe the positions of single lithium ions at several times.
Three-time correlation functions show that the nonexponential relaxation of the lithium ions results from both
correlated back-and-forth jumps and the existence of dynamical heterogeneities, i.e., the presence of a broad
distribution of jump rates. A quantitative analysis yields that the contribution of the dynamical heterogeneities
to the nonexponential depopulation of the lithium sites increases upon cooling. Further, correlated back-and-
forth jumps between neighboring sites are observed for the fast ions of the distribution, but not for the slow
ions and, hence, the back-jump probability depends on the dynamical state. Four-time correlation functions
indicate that an exchange between fast and slow ions takes place on the time scale of the jumps themselves;
i.e., the dynamical heterogeneities are short lived. Hence, sites featuring fast and slow lithium dynamics,
respectively, are intimately mixed. In addition, a backward correlation beyond the first neighbor shell for
highly mobile ions and the presence of long-range dynamical heterogeneities suggest that fast ion migration
occurs along preferential pathways in the glassy matrix. In the melt, we find no evidence for correlated
back-and-forth motions and dynamical heterogeneities on the length scale of the next-neighbor distance.
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I. INTRODUCTION correlation functions! For example, three-time correlation
functions can be used to quantify the extent to which the

In view of numerous technological applications and anonexponential relaxation results from the homogeneous and
large variety of phenomena, recent scientific work repeatedi§he heterogeneous scenario, respectiVeRour-time corre-
focused on glassy ion conductors. On the one hand, it is welption functions allow one to measure the lifetime of dynami-
known that the macroscopic charge transport in these mat&al heterogeneities, i.e., the time scale of exchange processes
rials results from the diffusion of mobile ions in a basically Petween fast and slow ions. Two methods have recently
rigid glassy matrix; on the other, a detailed microscopic picProven we_II suited to record n_”nult_ltlme corre_latlon functions
ture of this dynamical process is still lacking. One key fea-Of 9lassy ion conductors. While ion dynamics on the ps—ns

ture of the dynamics in glassy ion conductors is the nonex!Me Ist(.:aleslgcan tljt?d.SIUd'?d |r|1 rnlc\)/lleRcular hdynam(M;D) b
ponential relaxation of the mobile ions; i.e., the depopulationSlmu ations,” muflidimensiona echniques  probe

; ) . - Jumps on a time scale of ms—s. Specifically, multidimen-
of the sites cannot be described by a single exponential, IHsionaI 109g NMR experiments showed that a broad rate

dicating the complexity of the motion. For instance, Ve distribution governs the jumps of silver ions in silver-

broad loss peaks are found in electrical and mechanical rep'hosphate—based glasd8sience, both correlated back-and-
laxation experiments:® Likewise, the electriggléconductivity forth jumps and dynamical heterogeneities indeed contribute
o(w) shows a strong frequency dependefice.Moreover, 4 the nonexponentiality. However, to the best of our knowl-

when the dynamics of the mobile ions are studied by meangqge the relevance of both contributions has not yet been
of advanced nuclear magnetic resonafébIR) techniques, quantified for glassy ion conductors.
nonexponential correlation functions are obsertd®Non- MD simulations are an ideal tool to investigate dynamical
exponential relaxation can result from two fundamentallyprocesses on a microscopic level. Prior work on the origin of
different scenario$! In the homogeneous scenario, the dy-the nonexponential relaxation in glassy ion conductors has
namics of all particles are characterized by the same relafocused on alkali silicate glasses. For lithium silicate glasses,
ation function that is intrinsically nonexponential due to ait was reported that dynamical heterogeneities contribute to
specific mechanism of the motion, e.g., correlated back-anthe nonexponential relaxation of the lithium ions where the
forth jumps. Contrarily, in the heterogeneous scenario, allifetime of these heterogeneities is limit€t£° Further, back-
particles are random walkers, but a distribution of correlatiorand-forth motions on various length scales were observed,
times G(Ig 7) exists. In our case of a complex motion, oneincluding a backward correlation beyond the first neighbor
may expect that both homogeneous and heterogeneous dshell at low temperatures.For sodium silicate glasses, no
namics contribute to the nonexponential relaxation. evidence for back-and-forth jumps between adjacent sodium
A strong frequency dependence of the electrical conducsites was found at higher temperatutésdoreover, several
tivity o(w) of ion conductors indicates that back-and-forth workers demonstrated that, though there is no microsegrega-
motions occur during ionic diffusiofi** However, to study tion, the sodium ions follow preferential pathways in the
a complex motion in detail, it is not sufficient to probe the glassy matriX¥??® The sodium ions inside these channels
dynamics at two times, but one has to resort to multitimeshow a higher mobility than the ones outside and, hence,
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dynamical heterogeneities ex®tin addition, studying ex- ing runs in theN-E-V ensemble, but the size of the simula-
amples of ionic trajectories the mechanism of alkali ion mi-tion box is adjusted so that a pressyre 7.0=0.1 GPa is
gration in silicate glasses was described as a “vacancylikgbtained at all temperatures. This procedure results in a de-
process.?® During a correlated motion of two cations, an crease of the density from=2.21 g/cni at 744 K top
alkali site is left by one ion an occupied by another. =1.95 g/cni at 3000 K. The equations of motion are inte-
In the present work, we use MD simulations to analyzegrated using the velocity form of the Verlet algorithm with a
the complex mechanism of ion dynamics in an alkali phostime step of 2 fs. Further, periodic boundary conditions are
phate glass. In this way, we intend to complement the priogpplied and the Coulombic forces are calculated via Ewald
studies on silicate glasses and to compare the nature of ig§immation. In doing so, consistent results are obtained when
diffusion in different amorphous materials. Moreover, basectomputing the trajectories with the programoLpy (Ref.
on an analysis of novel higher-order correlation functions29) and our own MD simulation program, respectively.
new information about this dynamical process is revealed. Iyyhijle the whole system can be equilibratedTat 1006 K,
detail, the dynamics of noncrystalline LiB@ investigated the phosphate glass matrix is basically frozen on the time
in a temperature range where the motions of the variougcale of the simulation at lower temperatures. In the latter
atomic species strongly decouple upon cooling. While the:ases, we pay attention that the lithium ionic subsystem is
lithium ionic subsystem can be equilibrated at all chosersiill in equilibrium. For example, the sample is equilibrated
temperatures, the diffusion of the phosphorus and the oxygefar 20 ns afT =592 K before recording the data.
particles freezes in on the ns time scale of the simulation. In Karthikeyan et a|_26 demonstrated that the structure of
other words, the dynamics in the melt and in the glass argjpQ, glass is well reproduced when using the two-body
studied. Our main goal is to identify the temperature depenpotential specified in Eq(1). We confirmed this result by
dent origin of the nonexponential relaxation of the lithium analyzing the structure of the glass obtained after a quench
ions. For this purpose, we calculate multitime correlationfrom T=592 to 300 K. Table | shows that the interatomic
functions that link the positions of single ions at subsequengistancegaﬁ are in good agreement with the corresponding
points in time. In this way, we quantify the homogeneous ancexperimental value¥:* Typical of phosphate glass&sthe
heterogeneous contributions to the nonexponential relaxatiop.g distance for tangling oxygensgo=1.51 A) is shorter
and measure the lifetime of the dynamical heterogeneitieshan for bridging oxygensrego=21.66 A). Further, the re-
Since the multitime correlation functions observed in NMR gyction of A ,,, as compared to the value used by
experiments on solid ion conductors and some of the quarg arthikeyanet al,?® improves the agreement with the actual
tities computed in the present study have a similar i”formadistanceruo 2730 Consistent with experimental findings for
tion content, a future comparison of the respective results iEiP03 glass3,1‘33the bond-angle distributions and coordina-

very promising. tion numbers indicate that the simulated glass consists of
well-defined phosphate tetrahedra that are connected by two
Il. DETAILS OF THE SIMULATION of their corners to form long chains and/or rings. Concerning

. . . _ ._the intermediate-range order, some differences between
The potential used to describe the interaction of the IONSimulated and actual LiPOglass may exist. In agreement

in LiPO; can be written as the sum of a Coulomb and ay iy results by Karthikeyaret al,2® we find a mean P-O-P
Born-Mayer-Huggins pair potential bond angle that is larger than the one observed in experi-
o2 ments on vitreous 5.3 As a possible consequence, the
B (1) = qaqrﬁ +Aqgexpl —1/p), 1) interatomic d|st.ancepp in our mpdel is about 19% larger
than the experimentally determined value. To fix the mean
P-O-P angle at the experimental value for vitreoy©f
wherer is the distance between two ions of typeand type | jang et al3* used a three-body potential in simulations of
B, respectively. The potential parameters, except¥06,  LiPO; glass. We refrain from doing so because, first, the

are adopted from the work of Karthikeyahal** Here,A joc  P-O-P bond angle in metaphosphate glasses has not yet been
is reduced to obtain a more realistic interatomic distance

rio,; cf. below. In detail, we use effective charges;
=0.6, qp=3.0, andgo=—1.2 as well asp=0.29 A. The
parametersA,; are listed in Table I. Most simulations are
performed in theN-E-V ensemble foN=800 particles. To
take into account the thermal expansion of phosphate

glasses, the density is fixed @t 2.15 g/cni as compared to Aag [2V] Fap [A] Fas [A]

TABLE . Interaction parameter&,,z [cf. Eq.(1)] together with
the interatomic distances,z as obtained from the present simula-
tions and from experimental woiRefs. 27 and 30 respectively.

. . Simulation Experiment
p=2.25g/lcmi observed in experiments at room
temperaturé’ This approximation for the density at higher LiLi 167.47 2.74
temperatures is obtained based on the linear expansion coefiP 158.09 3.31
ficient of LiPOy glass?® In addition, we consider systems LiO 300.00 2.03 2.02
with N=200 andN=400 to check for finite-size effects. pp 148.93 3.33 3.01
Moreover, some simulations are performed at “constanto 694.66 1.51/1.66 1.52-1.56
pressure” to enable a comparison with experimentally deteroo 2644.8 258 252

mined activation energies. Strictly speaking, we continue do.
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FIG. 1. (&) MSD of the lithium ions,rfi(t), in noncrystalline "
LiPO; at the indicated temperatures. Dashed ling(t)=6D;t t [ps]
with D ;=8.31x10"7 cn¥/s. (b) Temperature dependence of the
diffusion constant®,;, Do, andDp. Solid symbols:N=800, p FIG. 2. Incoherent intermediate scattering functién(q,

=2.15 g/ci. Open symbols:N=800, p=7.0 GPa. Vertical =2.28 A"1,t) for the lithium ions in noncrystalline LiPDat the
stripes: N=400, p=2.15 g/cni. Horizontal stripes:N=200, p  indicated temperatureNE 800, p=2.15 g/cni). Inset: tempera-
=2.15 g/cm. Lines: Arrhenius fits to the data fod=800. ture dependence of the mean correlation tirag. Solid symbols:
N=800. Vertical stripes:N=400. Horizontal stripes:N=200.
determined experimentally and, second, three-body interad-ine: fit to an Arrhenius law folN=800.
tions distinctly slow down the simulation. For our analysis, it
is important to perform simulations at sufficiently low tem- LiPO;. For comparison, the diffusion constants resulting
peratures, because not until then does the lithium dynamidsom the calculations foN=200 andN=400 and from the
show several characteristic features, e.g., back-and-fortbonstant-pressure simulations are also included in Rig. 1
jumps between adjacent sit€s® Therefore, we keep the We find no indication that the diffusion constants depend on
potential as simple as possible so as to be able to equilibratbe system size. On the other hand, the temperature depen-

the system at these temperatures. dence ofD; in the constant-pressure rurf=0.47 eV) is
stronger than in the constant-volume simulations.
IIl. RESULTS Next, the incoherent intermediate scattering function

F<(q,t) for the lithium ions is considered:
A. Two-time correlation functions

To study the dynamics of noncrystalline LipQwe first Fs(a,t)=(cofq[r '(to+t)—r I(to)1}). 3
display the mean-square displacemeMED) of the lithium | oyr case of an isotropic sample, this function only depends
lons, on the absolute valug of the wave vector. To obtain infor-

) o .. - ) mation about dynamical processes on the length scale of the
rGO=(r'O)=(Ir'te+t) —r’(te)[1, (@  Li-Li interatomic distanceq=gq,,=2/r ; ; is used. Figure

2 showsF¢(q,,,t) for the N-E-V ensemble ll=800). We

see temperature-dependent, nonexponential decays. These
. s L . : : findings can be quantified by fitting the data to a Kohlrausch-
(j|$placemer1F of .Ilthlum- |.0r] dur|-ng a time intervak, and Williams-Watts (KWW) functior?® A extf — (t/7)¢]. Then, a
r'(to) specifies its position at time,. At temperaturesT  gyetching parametgB~0.42 characterizes the nonexponen-
<2040 K, rfi(t) exhibits three characteristic time regimes: tiality at T<T,. Above T,, an increase tg8~0.54 is ob-
ballistic motionrf=t? at short timest<0.1 ps, sublinear served: however, the absence of a short-time plateau of
intermediate times, and linear diffusimﬁioct at long times.  |n the inset of Fig. 2, we display the mean time constapts
Upon cooling the diffusion of the lithium ions slows down calculated from the fit parameters according tQg

and the time window of sublinear diffusion is extended. A=(7/B)I"(1/8) wherel'(x) is theI" function. Though there
qualitatively similar behavior is found for the MSD of the are some deviations] the temperature dependen@ﬁsojan

in Fig. 1(a). Throughout this article, brackets - -) denote
the average over the lithium ionic subsysterf(it) is the

oxygen and phosphorus iong,(t) andrZ(t) (not shown.  sill satisfactorily be described by an Arrhenius law with ac-
The diffusion constant®; o p extracted from the long- tivation energyErs=0.62 eV. In the same wajgrs=0.67
time behavior ofrfi’oyp(t) are compiled in Fig. (b). Evi-  +0.03 eV is obtained from the constant-pressure simula-

dently, the lithium diffusion decouples from the oxygen andtions. Thus, in both case&rg is significantly larger than
the phosphorus dynamics. Whil2,; follows an Arrhenius Ep. In addition, Fig. 2 shows that the time constantg do

law with activation energy E,=0.40 eV, the curves not depend oM and, hence, finite-size effects are again ab-
l0g;0 Do p(1/T) show a downward bending. In particular, on sent. In the remainder of this article, we analyze the data
the 10-ns time scale of our simulation, a basically rigid phosfrom constant-volume simulations fof=800.

phate glass matrix exists beloWw~=1000 K. Therefore, we To study the mechanism of lithium dynamics, we first
refer to T,=1000 K as the computer glass transition of look at some representative trajectories. Figure 3 displays
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FIG. 3. Representative trajectories of the lithium ions in non- 0.1 10000
crystalline LiPQ. Left-hand side: trajectories @t= 2040 K during t [ps]
a time interval At=3 ps. Right-hand side: trajectories at . . . -
: oo FIG. 5. Two-tim rrelation functi t) at the indicat
=592 K during a time intervaAt=100 ps. G. 5 o-time  correlation functior$,(t) at the indicated
temperatures.

projections on thexy plane for trajectories during compa- viations. ForT<T,, G(r,t) exhibits oscillations that be-
rable time intervals af = 2040 and 592 K. While the mecha- come more pronounced upon cooling. Specifically, there are
nism of the motion resembles liquidlike diffusion at high minima atr~1.7 A andr~4.2 A together with a maximum
temperature, it is rather complex in the glass. Specificallyatr~2.7 A~r ;. Thus, the glassy network provides well-
the following features are obvious faf=592 K: (i) The  defined lithium sites that are separated by energy barfers
motion of most lithium ions can be decomposed into local>k,T so that, to a good approximation, the lithium ionic
vibrations and jumps between adjacent sités.The lithium  motion can be described as a sequence of hopping processes;
ions show different mobilitiediii ) Back-and-forth dynamics je, the time scale it takes to cross the barriers is much
involves distinct lithium sites(iv) The number of correlated shorter than the time scale the ions fluctuate about the sites.
back-and-forth jumps varies. While numerous back-and-forthn particular, it is possible to distinguish between ions that,
jumpS are observed for ion 4, Only a few are found for ion 3.after a time t, (|) still reside at the same S|ter](t)

(v) Several ions(5, 6, 7-10 follow the same preferential <1 7 A], (ii) have jumped to a next-neighbor sité.7 A
pathway. Consistent with the results of simulations on alkali<ri(t)y<4.2 A], and (i) have moved beyond an adjacent
silicate glasse¥;*'~*all these features elucidate the com- sjte [ri(t)=4.2 A]. These findings folG(r,t) agree with

plexity and diversity of ionic diffusion in glasses. ~ both the appearance of the trajectories in Fig. 3 and the re-
A statistical analysis of the mechanism of the motion isgyts of previous simulation$;3%3%41-44

possible based Qn_the _self-paft of. the van Hove correlation Next, we define the two-time correlation functi®(t)
function for the lithium ions. It is given 1Y =(szj(t)> where szj(t)=1 for ri(t)<1.7 A and szj(t)=0
i otherwise. In our case of hopping motid)(t) measures the

Go(r,)=((r =r’(t)), @ probability that a lithium ionpips sgt]ill at tfg(izlitial site after a
wheres(x) denotes the delta functiof4(r,t) measures the time t. Thus, it directly reflects the depopulation of the ini-
probability that a lithium ion moves a distancen a time  tially occupied lithium sites. In Fig. 5, we see th&j(t)
interval t. Figure 4 showsG4(r,t) for three characteristic decays nonexponentially. This nonexponentiality can result
temperatures. FoT =2040 K, we observe a single maxi- from correlated back-and-forth jumps between neighboring
mum that shifts to larger values ofwhent is increased. Sites and/or from dynamical heterogeneities, i.e., the pres-
Though the findings resemble expectations for liquidlike dif-ence of a distribution of jump rates. Based on an appropriate

quantified later in this article. The average time it takes for

T=2040K T=1006K T=592K the lithium ions to successfully escape from their sites—i.e.,
e = I —— the time scale of the depopulation of the sites—can be char-
T |—- =04ps — - t=3.2ps F|—- =Sl2ps acterized by the #decay time ofS,(t), 7s,. Figure 6 shows
0613 | T e || 1k [T osiom - Aoy that the temperature dependencergf is well described by
—— 1=25.6ps E L |- t=204.8ps EN [-- =3277ps an Arrhenius law with activation enerdys=0.44 eV.
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B. van Hove correlation functions of subensembles

In the remainder of this article, the origin of the nonex-
ponential relaxation of the lithium ions in simulated LiPO
glass is studied in detail by analyzing various multitime cor-
relation functions. All these functions correlate the positions
of single lithium ions at subsequent times<t,<---. To

FIG. 4. Space and time dependence of the self-part of the Vaﬁharacterize the motion of ionbetween two time$a<tﬁ’

Hove correlation functiorG4(r,t) for noncrystalline LiPQ at the
indicated temperatures.

we use the notatiom)=r(t,), rl,=r}-r), rl=|r)
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other whent,s is increased until they are nearly identical
FIG. 6. Various time constants characterizing lithium ion dy- after a timet,;=4.6 ns. At this time=4.6 ns, the decay of
namics in noncrystalline LiP9) see text for details. S,(t) is just complete; cf. Fig. 5. Thus, information about the

) . . initial dynamical states is lost when all ions have success-
To show the existence of dynamical heterogeneities and tﬂJ”y escaped from their sites; i.e., the dynamical heteroge-

study their lifetime, we define a “four-time van Hove CoITe- peities are short lived. A more detailed analysis of the life-
lation function time of the dynamical heterogeneities will be presented
below.

For a study of back-and-forth jumps, we focus on lithium
ions that have moved to a neighboring site durtagand
In this equation, the terna(r,,) simply means that three map their motion in the subsequent time intertgl. This
subensembles are selected with respect to the displacemeanalysis is possible based on the “three-time van Hove cor-
during the time interval;,=ts: SE, consists of ions that are relation function”
still at the initial site[r!(t;,)<1.7 A], SE contains the ones
that have jumped to an adjacent sifd.7 A<ri(tyy)
<4.2 A], and the ions of SEshowr/(t;5)=4.2 A. Thus,
Gyu(r,tg,ts3,t) probes the van Hove correlation function
Gq(r,ts) of the respective subensembles starting at a tiype
after their selection. The results foy=204.8 ps and various
t,;atT=713 K are displayed in Fig. 7. Foy3=0, the three
subensembles show clearly differe@4. In particular, the
first peak is highest for Sf indicating that ions that have

G4(r,t12=ts,t23,t34=t5)=<a(r12)5(r_rj34)>. (5)

Ga(r,ti,tog) =(d(rl) 8(r—rly), (6)

whered(rl,)=1 for 1.7 A<r},<4.2 A andd(r),) =0 oth-
erwise. Gj(r,ti5,to5) measuresGg(r,t=t;,+1t,3) exclu-
sively for ions that occupy a next-neighbor site at the time
t,. Ga(r,t45,t53=0) is different from zero only in the range

o~ . 7 A<r<42 A > '
not escaped from their sites during, move also less then 1.7 A<r<4.2 A. Fortss>0, backward jumps towards the

the average particle in the time intentah. In other words, Mitial positions 1} yield the intensity I, at r<1.7 A,
slow and fast ions are distinguishable and, hence, dynamic4fhereas forward jumps contribute to the intensifyat r
heterogeneities exidfAn extension ot,s—i.e., of the delay > 4-2 A. Hence, when multiple jumps are negligible—i.e.,
between selection and detection—allows us to study the lifefOr tzs<tiz—the ratiol,/lI; provides information whether
time of the dynamical heterogeneities. In Fig. 7, we see thaihe subsequent motion is backward or forward correlated. In

the curves for the different subensembles approach eadfd- 8, we display Ga(r,t1,t29) at T=592 K for t;,
=12.8 ps, 819.2 ps and variotiss. Nearly independent of

t,3<ty,, integration yieldsl,/l;~15 for t;,=12.8 ps and

1 of these results, it is useful to recall the existence of dynami-
0.1 cal heterogeneities and to reinspect Fig. 4. It becomes clear
that the population at the neighboring site is still small after
0 atimet,,=12.8 ps and, hence, it mainly results from the fast
ions. Vice versa, ions with a medium or a low mobility oc-
cupy an adjacent after a timg,=819.2 ps. Hence, the
FIG. 7. Four-time van Hove correlation functi@y(r,ts,t,tg)  CUrvesGs(r,tip,tag) for t;,=12.8 ps and;,=819.2 ps re-
for the lithium ions in LiPQ glass atT=713 K. A filter timet;  flect the behavior of fast and nonfast ions, respectively. We
=204.8 ps was used to select three subensembles of lithium ior@onclude that a significantly enhanced back-jump probability
SE,, SE, and SE; see text for details. exists for the fast ions, but not for the slow ions.

04 FrTTTT T R T T T T o4
t=1228ps 1=4590ps I,/1:~0.3 for t;,=819.2 ps. While the former ratio indi-
~,03 L 4 F Ho3 cates a significant backward correlation, the latter is compa-
> 1 1 rable tol,/l;~1/3 as expected for a random walk based on
. t =204.8ps T=713K S . .
=702 s _ 02 a mean coordination numbey; ;~4. For an interpretation
Oﬂ-

r[A]

r[A] r[A]
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t,=10ps

shown that>723(r12)= —(1/2)r,, is found for stochastic dy-
namics in a harmonic potentidl Figure 9 shows,(r ;,) for

T=592 K. For allt;, andt,s, X,5(r,) follows the curve
—(1/2)r;, up tor,=1.0-1.5 A, indicating that the lithium
sites can be described by harmonic potentials on this length
scale. At largerr 15, X,4(r12) depends on botly, andt,s.

s vy ) For a givert,,, X»5(r 1) IS more negative the larger the value
-1.5+ 237 — — = — . : . .
o 1,,=1.0ps - Izajgg; of t,5 until a saturation is reached gi~1000 ps. This can
X a—e 1,=10.0ps . lZ:lO0.0ps be understood as follows: No significant motion occurs dur-
2 | v—e t,,=1000, - — . . . i
1 2 Ciontgs| | | Lrmtmmiooons | ] ] ing short time intervalsys So thatchs~0. However, whers
S ——— P P R P T is extended, more and more lithium ions show a distinct
0 2 4 6 80 2 4 6 80 2 4 6 8 . . . . .
displacement until the average behavior of all ions with a
1, [A] r,, [A] r, [A]

given r, is observed for long,3. To study this average
FIG. 9. First momentx,4(ry,) of the conditional probability behavior we fu!'ther QSCUSS .the r?sults for a lotyg
function (x4 15) for LiPO, glass aff =592 K. The time intervals ~ — 1000 ps. In this casey(r;) is basically constant at;,
t,, andt,g are indicated. >1 A for t;,= 1000 ps, whereas fdr,<100 ps a decrease
over the whole accessiblg, range indicates that the back-
ard correlation increases even beyond the interatomic dis-
ancer ;. ;. A comparison with Fig. 4 shows that fdg,
<100 ps the findings in the range; <r,,<8 A, say, re-
flect the behavior of fast ions, while an ion with an average
mobility shows such displacements during a time interval

One may argue that large-amplitude vibrations can als
lead tol,/I;>1 for shortt;,. However, one expects that
displacements due to vibrations are limitedryy<r; ; and,
hence, a significant contribution of this type of motion would
result in an asymmetry dB5(r,t1,5,t,5—0). Therefore, the —
nearly symmetric shape @a(r,ty5,t,5<0.4 ps) shows that t12=1000 ps. Thus, the decreasexgi(r,,) atr=ry; for
large-amplitude vibrations do not affect our conclusion. TheShOrttsz implies that the correlated back-and-forth motions
finding that the back-jump probability depends on the dy_of fast ions may |r1/olve not only one, but also several sites.
namical state is backed up by preliminary results of a morén the other hands,s~ const atr;,>1 A for long t;, again
detailed analysis. There, we explicitly identify the lithium shows that the nonfast ions perform local rattling motions,
sites and calculate the back-jump probabifity as a func- but no correlated back-and-forth jumps between adjacent
tion of the waiting time at the initial site,,. Consistent with  sites. We add thatx,;~—0.241, at r;,<2 A and x,3
results for LpSiO;,*° we find thatpy(t,) significantly de- =const atr,>2 A are found for LIiPQ melt at T
creases with increasing waiting time. Thus, a high backward=2040 K (t,,<<1 ps, t,s=1 ps). Qualitatively, these find-
correlation exists exclusively for ions that show a high jumpings resemble the outcome of MD simulations on super-
rate at the initial site. cooled liquids?®4’ There, the results were interpreted as a
signature of the cage effect describing that, though all par-
ticles are mobile, every particle is temporarily captured in a
cage built up by its neighbors. Then, back-and-forth motions

The length scales of the dynamical heterogeneities and abke place within the cage, but not when the particles have
the correlated back-and-forth motions can be studied basddft their cages.
on the conditional probability functiong(x,4ri,) and Now, we turn to the second moments. If all particles have
P(y23r12). These functions measure the probability to findequal mobility, the displacements, andr,; are uncorre-
specific values,;= x,3 andybs=y,3, respectively, provided lated so thaw, (r12) =const. In contrast, if dynamical het-
the particle has moved a distancg=r, in the first time  erogeneities exist, on average, slow and fast ions show small

intervalt;,. Here xbs is the projection of J; on the direction ~@nd largers,, respectively. Hence, ions with small, move

of the motion during,, i.e.,xbs=rJ5-r }/rl,, andyb,is the less int,; than those with large,, and oy (r;) increases.
o hy 12: 1€, X537 T3 112 1o, ANCAY%3 | Figure 10 showsr,(r;,) ando(r,) for various time inter-

pr_OJectlon ofrJ; on an arbitrary direction perpendicular to 5|5 t=t;,—tys at two temperatures. FGF=2040 K, the

Fljz. Motivated by the outcome of prior worR;*®*"we focus ~ second moments are equal and independent ,pffor t

on the first momenk,; as well as on the second moments >|1 pz, in?iﬁatingdt_?fe gbselnce of dynaznic;l hzterczge;eities

TN 2(pi — Ty related to lithium diffusion. In contrasty,(r,,) ando,(r
0)& 12 <[2X2‘? Xoulr12)J(M12)) an.d oy(r:) <[y2.3. for t<1 ps increase, though, with a different slopey and thus
{jr{é%(grlé)] (r1p)), rather than analyzing the full probability there are highly anisotropic dynamical heterogeneities on

_ short time scales. Sinag;(t<1 ps)<r ;. (cf. Fig. 1), we

For the first momentx,3(r12) =0 will result if the direc-  attribute the latter dynamical heterogeneities to the rattling
tions of the motions during;, andt,; are uncorrelate®®*’  motions within the local cages. Far="592 K, a strong 5
In contrast, if the subsequent motion for a givanis back-  dependence of, , is observed for all chosen This finding
ward (forward) correlated, a negativépositive value of  again implies the existence of dynamical heterogeneities at-
Xo5(r 1) Will be observed. In particular, it has been readily tributed to lithium diffusion in the glass. Since back jumps

C. Conditional probability functions
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FIG. 10. Second moments,(ry,) (solid symbol$ and o (r 1)
(open symbolsof the conditional probability functionp(X,gr 1)
and p(y,grip), respectively. Data for noncrystalline LiRGat T 01
=2040 and 592 K are compared. The time intentadd,,=t,; are
indicated.

during to3 result inxh;# 0 andy,s~0—i.e., the component 0.01
perpendicular to the direction of the forward jump is small—

the dynamical heterogeneities can be most directly studied \
based ons,(rq5). The ratioo(r ;. ;)/o,(0)>1 shows that v
the hetero)éeneity results for the most part from different 0.007 i vl vl 1wl 1kl |
jump rates at neighboring lithium sites. However, additional 0.1 1 10 100 1000
contributions on a length scale of several Li-Li interatomic

distances are indicated by a further increase (f 1,) up to 1
r,,~13 A for t=1000 ps. Considering also the appearance
of the lithium trajectories in Fig. 3, we suggest that preferred
pathways of ion migration connect several lithium sites.

The oscillatory behavior of23(r12) andoy ,(rqo) allows
us to study the energy landscape governing the lithium dy-
namics. Forx,s(ri,), one expects local minimgmaxima
near positions where the slope of the potential shows 0.01
maxima(minima).*® In Fig. 9, we see that,4(r,) shows a
minimum atr,;,~1.1 A and a maximum at;,~2.3 A.

0.1

Hence, there should be an energy barrier at an average dis- T T T
tancer~1.7 A, Atr,;~1.7 A, the curvesr, (r,) exhibit 0-0010 1 1 10 100

local maxima. This is reasonable, because ions residing at a :

saddle aftet,, should possess a comparatively high mobility t [pS]

in the subsequent time interval. A closer inspection of the

data reveals that the maxima @f ,(r;,) shift to smallerr ;, FIG. 11. Three-time correlation functior$(t/2,t/2) for non-

whent is extended. Thus, for slow ions which exit their sitescrystalline LiPQ at the indicated temperatures. The results are
at longt, the mean distance between the ionic position,at compared to expectations for purely heterogeneous dynamics,
and the location of the relevant energy barrier is smaller thaz(t), and for purely homogeneous dynamigs;(t/2)]%.

for fast ions which escape at shorter times. As will be dis- , ,

cussed later in this article, this finding is consistent with the S3(t12=1/2,t53=1/2) = (Sh(t1) Sh(t23)). (7)
assumption that the Li-Li interaction depends on the waitin

time at a site. %or purely homogeneous and purely heterogeneous relax-

ation, such three-time correlation functions can be expressed
. _ _ by the corresponding two-time correlation functidf§®484
D. Multitime correlation functions While S;(t/2t/2)=[S,(t/2)]2 is valid in the homogeneous
To quantify the contributions from the homogeneous andscenarioS;(t/2,t/2)=S,(t) holds in the heterogeneous sce-
the heterogeneous scenario to the nonexponentiality of theario; cf. the Appendix. In Fig. 1155(t/2,t/2) is shown for
correlation functionS, we define the three-time correlation three temperatures. Far=1287 K, S;(t/2,t/2)~[S,(t/2)]?
function implies that the relaxation is basically homogeneous. How-
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02 o - FIG. 13. Four-time correlation functionS,(t,t,ty) for non-
B o 4 R N crystalline LiPQ (pointg and fits to a KWW function(dashed
R I"”mu] . lines). (@) Data atT=713 K for the indicated filter times. (b)
0 Temperature dependence of the curves for comparable filter times,
1 10 100 1000 .
t [pS] i.e., Sy(tg)=0.48+0.02 (592 K, t;=145.0 ps; 713 K{s=40.0 ps;

1006 K, ts=4.0 ps; 1287 Ks=1.2 ps).

FIG. 12. H(t) for noncrystalline LiPQ at the indicated tem- the time intervalt and mappingS,(t) allows us to measure
peratures. The data were calculated from the results in Fig. 11 usinghe time scale of the exchange of the dynamical state. In Fig.
Ea. (8). 13, various normalized correlation functioB§(t) are com-

) o . piled. In panela), we show results for different filter times
ever, abovel, hopping dynamics is not a good approxima- ¢ T=713 K and, in panelb), we display data for compa-
tion for the mechanism of the motion and the phosphatgapiat_ at various temperaturéS,(ts)~0.48]. For the nor-
matrix dynamics modifies the lithium sites. Therefore, OUrmalization S,(t) was fitted to a modified KWW function
findings do not indicate back-and-forfilhmpsbetween adja- AS,exd— (Y9P]+S; and scaled according B)(t) = (S(t)

cent lithium sites, but rather they reflect back-and-fori- : n , .
tionsthat are affected by the matrix dynamics and take place S4)/AS,. Evidently, S, (t) depends on both the filter time

on various length scales. AT, , Sy(t/21/2) cleary devi- 1oL SRREEE SEE B oo S cesees be.
ates from[S,(t/2)]? and, hence, dynamical heterogeneities P y ge p

evance can be further analyzed based on the ratio : 9 y

of exchange times. Further, since dynamically diverse suben-
sembles are selected for different filter tintgs the depen-
dence on this parameter implies that the exchange time de-
pends on the dynamical state itself. A comparison with Fig. 5
reveals that the decays &(t) and S,(t) are complete at
comparable times. In accordance with the interpretation of

It is easily seen thdtl (t)=1 andH(t)=0 hold for purely G4, this finding shows that information about the initial dy-
heterogeneous and purely homogeneous dynamics, respa@mical states is lost when all lithium ions have successfully
tively. In Fig. 12,H(t) is displayed for the studied tempera- escaped from their sites. The mean time constagis-i.e.,
tures. Evidently, the nonexponentiality at low temperaturegshe mean exchange times—can be calculated from the pa-
results to a large extent from dynamical heterogeneities; i.erameters of the KWW fits t&,(t). Revisiting Fig. 6 we see
there is a broad distribution of jump rates. FoE 1006 K,  that 754 and 75, show a similar temperature dependence at
the curvedH (t) show a maximum at a time, that increases T<T,. All these findings consistently indicate that the ex-
upon cooling. Inspecting the temperature dependencg,of change of the dynamical state in the glass results from suc-
in Fig. 6, 74(T)~ 75,(T) is found. Thus, the distribution of cessful jumps among neighboring lithium sites. Abdyg a
jump rates contributes most to the nonexponentiality wherstronger temperature dependencergf is observed. Hence,
the lithium ions successfully escape from their sites. the modification of the lithium sites due to matrix dynamics

The lifetime of the dynamical heterogeneities can be meaprovides another channel for the exchange of the dynamical
sured based on the four-time correlation function state in the melt.

0= Sa(t/2,t12) —[S,(1/2)]?

Sy(t) —[Sx(t/2)]? ®

Sa(tio=tg,t,tas=1ts) = (Sh(t12)Sh(tas)). (9)

In this experiment, a dynamical filter selecting lithium ions
that are slow on the time scallg (Ref. 50 is applied during study the dynamics of noncrystalline LiR@ a temperature
two time intervalst;,=ts andt;,=ts separated by a time  range where the motions of the various atomic species
Thus,S,(ts,t,t5) is given by the fraction of lithium ions that strongly decouple; i.e., the dynamics in the m@lt«(T,) and

are slow duringt;, and a timet later duringts,. Conse- in the glass T<Ty) were compared. We found that the
quently, the signal decreases when slow ions become fast mechanism of the lithium motion changes from liquidlike

IV. DISCUSSION

In this article, we presented MD simulations performed to
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diffusion to hopping dynamics when the temperature is det jPO, glass results from a diversity of the local glass struc-
creased. Our main goal was to study the lithium ionic jumpsure at neighboring sites, e.g., from varying coordination
at T<Ty. Nonexponential two-time correlation functions, numbers. In this basically random energy landscape, fast ion
such as the incoherent intermediate scattering function, anghigration occurs along pathways connecting low-energy bar-
sublinear diffusion over several orders of magnitude in timeriers. The presence of such channels is not only indicated by
reflect the complexity of the lithium motion in a rigid phos- the appearance of the lithium trajectories, but also by the
phate glass matrix. For a comprehensive analysis of this dyexistence of long-range dynamical heterogeneities and by the
namical process, we calculated suitable multitime correlatiolhackward correlation beyond the first neighbor shell for the
functions. Three time-correlation functions showed that theast ions.

nonexponential relaxation of the lithium ions & Ty re- Some of our findings are recovered when analyzing the
sults from both correlated back-and-forth jumps and the exdynamics resulting from schematic models such as the
istence of dynamical heterogeneities, i.e., the presence of @andom-barrier and random-energy models where the par-
distribution of jump rates. Measuring the lifetime of the dy- ticles move in a time-independent, external energy land-
namical heterogeneities by means of four-time correlationscape. For example, the particles migrate along preferential

fUnCtionS, we found that the nonuniformities of the motion pa‘[hways in these models and perco|ati0n approaches have

our results in more detail where the quantities that lead to thgsmperature& 53 Moreover, the back-jump probability de-

respective conclusion are indicated in brackets. pends on the dynamical state of a particle; e.g., for the
_ The dynamical heterogeneities - Tq show the follow- an4om-parrier model, many back-and-forth jumps occur
ing features:(i) The distribution of jump rates contributes over low-energy barriers, whereas slow ions cross high bar-

more to the nonexponentiality the lower the temperat6es ( . riers so that a backward motion is unlikely. However, other

i e e {285 of the iium ynaics i LiPQJass are ot re-
sites (ry/7<,). (iil) The exchange betweyen thepfast and theproduced in schematic models. At variance with our findings
HITs2)- i i i
slow ions of the distribution takes place on the same time(jfb)llgd ézls %stt;ﬁ:gztfggyv?ggsgaﬁlggggn ;:?tvg:r:nhgg we
scale as the lithium jumps; i.e., the dynamical heterogeneities ' : : : . ’
\ . Observe that the first maximum of, ,(ry,) lies atr

are short lived G4, S;). In particular, both processes show a Y

similar temperature dependences(/s,). (iv) The time riii/2 and shifts towards shorter distances wiiés in

scale of the exchange depends on the dynamical state itse%easec(cf. F|_g. 10. This means that, in contrast to Wh.at IS
Captured in simple models, the energy barriers governing the

Ej?f?ére(xz -L?: d?g;:;“:talngiefg%?iineg;;ss mbaﬂ?%::u;tr;rglg'umps of the fast lithium ions of the distribution are located,
Jump 9 9 ' n average, at larger distances from the initial ionic positions

n>01n;r'2f(()rm|t)|es of the motion on a length scale than the barriers relevant for the slow ions. We speculate that
- Th baxylz--nd-f fth ium f the lithium ions in the al simple hopping models are suited to study the time-
€ back-and-forth jumps ot the um lons €9 assindependent effects of the glassy matrix on the lithium ionic

can be characterized as follow&) Correlated back-and- ..~ o . . .
: . R diffusion, but they fail in modelling the influence of the time-
forth jumps occur for the fast ions of the distribution, but nOtdependent Li-Li interactions.

for the slow ions; i.e., the backjump probability depends on For example, we want to demonstrate that our findings for

the initial dynamical stateGs, X,3). (ii) For highly mobile  the position of the energy barrier can be explained when
ions, there is a backward correlation even beyond the firsissuming that the Li-Li interaction decreases with the wait-
neighbor shell X,3). Well aboveT,, dynamical heterogene- ing t,, at a site due to the adjustment of the neighboring
ities and back-and-forth motions on the length secglg are  lithium ions. For simplicity, we consider a lithium ion that
absent K3, o). However, due to the temporary caging of 0ccupies a site at=0 and experiences a potent¥(r.t,,)
the lithium ions by the neighboring particles, anisotropic dy-= —cos(r)+(1/2)a(t,)r?. Here, the first term is meant to
namical heterogeneities and a backward correlation exist ofepresent the contribution from the glassy matrix providing
short length and time scales. lithium sites atr=0,=2,.... Thesecond term mimics the
We conclude that the formation of well-defined lithium repulsion due to other lithium ions and is assumed to decay
sites is accompanied by the emergence of correlated backn the time scale of the lithium jumpsa(t,)=0,
and-forth jumps and dynamical heterogeneities on a lengtda(t,,)/dt,<0]. A Taylor expansion for~1 shows that
scaler=r; ;. At the lower temperatures, the nonexponen-this potential has a local maximum betweena0 andr =2
tial depopulation of the lithium sites results to a large extenwhich lies atr (t,)=1/(1—a(t,)/7?). Hence, the energy
from the dynamical heterogeneities and, hence, the distribuarrier for jumps occurring after short waiting timgslies at
tion of jump rates is broad. The short lifetime of the dynami-r>1 (=r;;/2) due to a(t,)>0. When increasing,,,
cal heterogeneities implies that sites featuring fast and slowa(t,,)/dt, <0 leads to a shift of the energy barrier towards
lithium dynamics, respectively, are intimately mixed. In par- smaller distances until,(t,,) =1 results for sufficiently long
ticular, the absence of long-lived heterogeneities excludes g, whena(t,,) =0. Thus, within this simple model, the dis-
microsegregation of the glass into extended clusters in whickance between the initial position of the ion<0) and the
the lithium ions are mobile and immobile, respectively. In-location of the energy barrier is the smaller the larger the
stead, we suggest that the broad distribution of jump rates imalue of the waiting time as observed in our simulations.
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Comparing the results of MD simulation studies on phosjumps of ions in this dynamical state. In contrast, multidi-
phate and silicate glasses several similar features of catiomensional NMR experiments probe the behavior of nonfast
dynamics are striking(i) It is widely accepted that cation ions at low temperatures and, hence, if at all, back-and-forth
diffusion at sufficiently low temperatures can be described agumps should be of minor relevance.

a sequence of hopping proces$e®3*41-44(ii) F (q,,t) In summary, various techniques have to be applied simul-
consistently shows nonexponential decays that are well deaneously to obtain a complete picture of a complex dynami-
scribed by KWW functions with stretching parametg8s cal process such as ion dynamics in solids. In particular, a
=0.42-0.472>% (iii ) Dynamical heterogeneities with a lim- further comparison of results obtained in MD simulations
ited lifetime eXiS%O that become more pronounced when theand in multidimensional NMR experiments is very promis-
temperature is decreas&tiv) Fast ion transport along pref- ing since both techniques allow one to study a dynamical
erential pathways takes plate®* (v) A high back-jump process on a microscopic level. For such a comparison, the
probability e>_<ists ;or the fast ions of the_ distrib_ution, but not ., titime correlation functionss,, S, andS, can be par-

for the slow ions™ On the other hand, in previous work on ticularly useful, because their information content is similar

sodium silicate glassé%,correlated. back-and-forth jumps to the one of the corresponding quantities in NMR experi-
were not observed at somewhat higher temperatures. H°V¥hents

ever, since a high back-jump probability exists only for the
fast ions at sufficiently low temperatures, the percentage of
ions showing correlated back-and-forth jumps may have
been too small to be detected in the study by Sueyexr !
Altogether, though it is to be further clarified to which extent
the findings of MD simulations reflect the dynamics in a  The author thanks S. C. Glotzer, A. Heuer, and J. Kieffer
specific system at lower temperatures, the similarity of thdor a generous grant of computer time and many stimulating
simulation results for various interaction potentials suggestsliscussions. Funding by the Deutsche Forschungsgemein-
that the mechanism of cation dynamics in various glassy ioschaft(DFG) in the framework of the Emmy-Noether Pro-
conductors is highly comparable. gram is gratefully acknowledged.

Finally, we compare our results with experimental find-
ings. First, it can be noted that two-time correlation functions
of lithium dynamics obtained in experiments and simulations APPENDIX: CALCULATION OF THREE-TIME
for LiPO; glass show a similar nonexponentiality. Specifi- CORRELATION FUNCTIONS
cally, the stretching parametg@r=0.42 found here compares
well to 8=0.33-0.54 observed in mechanical relaxation
studie$™ and in multidimensionalLi NMR experiments:*
Further, in these measurements and in electrical relaxatio
studies’ an activation energ§,~0.68 eV was obtained for

the lithium dynamics. Comparing this value with the resultspress.Ed 182% 8 Efg‘e corresponding two-t|2me correlation
of our constant-pressure simulations good agreement i netions. ™7 "Here, Sq(1/2,1/2) =[ S,(1/2)]” follows, be-

found for Er<~0.67 eV, but significant differences must be C@USe Nno selection is possible for purely homogeneous dy-

noted for E,=0.47 eV. For the moment, it is not clear Namics. Hence, the dynamics during, and tps, respec-

where the difference betweds andEp results from. Since  tively, are statistically independent so that the joint

similar deviations were reported in MD simulation studies ofProbability for an escape in neither time interval can be writ-

Li,SiO; glasst® one may speculate that they are a conselen as a product. If this were not true, a dynamically diverse

quence of the complexity of ion dynamics in glasses. subensemble could be selected based on the motion in the
In addition, our findings are useful for the interpretation first time interval and, thus, dynamical heterogeneities would

of experimental results on the origin of the nonexponentiaXist. For purely heterogeneous dynamics, the correlation

relaxation of the mobile ions in solid ion conductors. Multi- functions result from a superposition of the contributions of

dimensional'®Ag NMR experiments on glassy and crystal- €xponentially relaxing subensembles. For the subensemble

line silver ion conductor4>° showed that the nonexponen- characterized by a correlation time, one has

tial silver ionic relaxation is due to the existence of a broad

distribution of jump rates rather than to correlated back-and-

forth jumps. On the other hand, the presence of correlated t/2+

back-and-forth motion is indicated by a frequency depen-SZ,i(t):eXp( i ):Sz,i(t/z)sz,i(t/Z)ISg,i(t/Z,t/Z)-

dence of the electrical conductivity(w).6~*? We suggest

that this apparent discrepancy can be cleared up based on the

present results. Specifically, we found that, first, the backThe second equal sign is due to the definition of the expo-

jump probability depends on the dynamical stétee also nential function, and the third results because the relation for

Ref. 45 and, second, the contribution of the dynamical het-purely homogeneous dynamics holds for the exponentially

erogeneities to the nonexponentiality increases upon coolingelaxing, undecomposable subensembles. SBig&/2t/2)

Sinceo(w) is dominated by the fast ions, we expect a dis-=S,;(t) is valid for all subensembles$;(t/2,t/2)=S,(t)

proportional contribution from the correlated back-and-forthfollows.
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