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SUMMARY

Ion diffusion is important in a variety of applications, yet funda-
mental understanding of the interaction of phonons and the mobile
species in solids is still missing. In this work, we introduce two for-
malisms that determine the individual contributions of phonons to
the diffusion of ions through a solid, based on nudged elastic-
band calculations and molecular dynamics simulations. The results
for a model ion conductor of Ge-substituted Li3PO4 (Li3.042-
Ge0.042P0.958O4) reveal that more than 87% of the Li+ ion diffusion
originates from less than 10% of the vibrational modes between 8
and 20 THz. By deliberately exciting a small, targeted subset of
these contributing modes (<1%) to a higher temperature and still
keeping the lattice at a low temperature, we observe an increase
in diffusivity by several orders of magnitude. This new understand-
ing identifies new avenues for increasing diffusivity by engineering
the vibrations in a material without necessarily changing the com-
pound chemistry.

INTRODUCTION

Solid state mass and ion diffusion is central to many applications, ranging from bat-

teries1 and fuel cells2 to sensors3 and filters.4 In many of these applications, the per-

formance is limited by the slow diffusion of mass or ions. Although some families of

solid-ion conductors, such as silver iodide and Li10GeP2S12 (LGPS) exhibit high ion

conductivities of �1 S/cm5 and �0.01 S/cm6,7 at room temperature, respectively,

achieving high ion conductivities for divalent ions, including oxides, is challenging.

For the conductivity of oxygen ions exhibited by yttria-stabilized zirconia (YSZ)8,9 to

reach 0.01 S/cm, an elevated temperature of 1,100 K is needed. Higher oxygen diffu-

sivity at a lower operating temperature could enable a lower system cost, longer life,

and greater proliferation.10 Great advances have been made to increase the ion

transport by cation and anion substitution to alter the charge carrier density and

the diffusion pathways to facilitate low-energy jumps. The classical approaches of

chemical modification, such as cation and anion substitution, have led to tunable

conductivity over several orders of magnitude in several families of super-ionic con-

ductors, such as the lithium super-ionic conductor (LISICON)7 and the sodium super-

ionic conductor (NASICON).11 Thus, regardless of the mobile ion species, under-

standing the key factors that dictate ion conductivity is needed to devise new stra-

tegies to further increase the conductivity beyond tuning of chemical compositions.

One possible avenue to improve diffusivity without modifying the chemistry stems

from considering the local ion movement in the structure. At a given temperature,

ions thermally vibrate in their specific crystallographic lattice sites until sufficient

thermal energy is available for an ion jump. The coupled ion vibration and ion move-

ment that is paramount for ion diffusion leads to the idea that lattice vibrations
Cell Reports Physical Science 2, 100431, May 19, 2021 ª 2021 The Authors.
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(phonons) may have a role in the ion jump. Such an idea can be further intuited by

considering the role of temperature as a spectrum of scalar contributions, not as a

single scalar value. Based on this more-detailed view, in solids and rigid molecules,

temperature is composed of a summation of individual contributions by modes of

vibration, which means that a group of vibrating atoms can be described as a sum-

mation of collective vibrations, each with a specific frequency, often termed eigen

modes, normal modes, or phonons. According to the traditional description for

solid-state diffusion based on the Arrhenius relationDfexpð� Ea =kBTÞ,12 diffusivity
increases exponentially with increasing temperature, where kB and T denote the

Boltzmann’s constant and the bulk temperature, respectively. The term ‘‘bulk’’ tem-

perature, here, denotes the temperature that would be sensed if the material were in

thermal equilibrium. Although temperature is generally understood as a proxy for

the level of excitation of the phonons or normal modes of vibration within a solid ma-

terial, it should be noted that each mode has its own time-varying amplitude and in-

dividual temperature. It is possible for a material to experience some non-equilib-

rium in the individual mode temperatures, whereby certain modes are highly

excited to an effective temperature above all others (e.g., joule heating of optical

modes in a transistor13). In such a situation, a subset of modes can behave as though

they are at a higher effective temperature than the bulk temperature.

In the classical limit, for an individual mode labeled n, the modal temperature Tn is

obtained from kBTn = Qn
2un

2, where Qn and un are the modal displacement coor-

dinates14 (which can be interpreted as the mode amplitude) and frequency of vibra-

tion of mode n (see Note S1 for a derivation of this relation and its quantum analog).

The idea of modal temperatures have also been introduced in previous theoretical

studies,15 in which, for the first time, the two-temperature model was extended to

study the weak coupling between certain groups of phonons and its effect on ther-

mal transport in solid materials. Our focus in this study is the distinction between the

bulk and modal temperatures and how that influences solid-state ion transport. As

the bulk temperature increases, the amplitudes of all the modes in the system in-

crease, which facilitates ions to hop over activation barriers, thereby enhancing diffu-

sion. There are practical ways, however, to increase the amplitude and temperature

of a small subset of normal modes by exciting them with light either directly through

photon-phonon coupling16–19 or indirectly through electron-photon coupling20–22

or THz electric fields23 and keeping them in non-equilibrium with respect to the

rest of the modes, without increasing the bulk temperature. This idea of selective

vibrational mode excitation has been used in previous studies, as a novel tool, to

modify the electronic properties of the structure through electron-phonon coupling

for plasmonics,24 photovoltaics,25,26 and charge-transport applications.27 Selective

modal excitations have also been used to induce vibrational and structural changes

in the system for phase-change applications.28,29 Inspired by recent experimental

observation of solid-state ion-diffusion induced by external THz-electric field illumi-

nation,23 in this study, we aim to examine whether only a small subset of modes in the

lattice are responsible for the hopping of ions, which would allow the increase of the

diffusivity by exciting those subset of modes without increasing the bulk tempera-

ture. Experimental realization of such an idea would have far-reaching implications

for chemical reactions, phase transitions, or other related phenomena because it

would suggest that migration along a reaction/transition coordinate could be accel-

erated by exciting only the most important normal modes, rather than all the modes

via an increase in the bulk temperature. This approach would mean that a material

and its container could remain ‘‘cold,’’ but it could exhibit kinetics associated with

a much higher temperature, by only making a subset of the most important modes

‘‘hot.’’ To assess that opportunity, we use the example of ion diffusion, in which we
2 Cell Reports Physical Science 2, 100431, May 19, 2021
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(1) identify the mode-level contributions to ion diffusion to determine how many

modes are responsible for an ion hop in the system, and (2) quantify to what extent

diffusivity can be increased by targeted excitation of a small subset of these contrib-

uting modes without increasing the bulk temperature.

The role of specific structural modes and phonons in facilitating solid-state diffusion

has been reported in other studies.30–41 The frequency of longitudinal acoustic pho-

nons was shown to exhibit a strong correlation with the enthalpy of self-diffusion in

body-centered cubic metals.33 In addition, octahedral rotation has been shown to

promote fast oxygen-ion conduction in perovskite-related phases.30,31,35,39,40 Li

and Benedek37 calculated the force constants associated with octahedral rotations

in different Ruddlesden-Popper phases and showed that the willingness of a mate-

rial to go under these octahedral rotations correlates with the migration barrier of

oxygen ions. Similarly, anion rotation in closo-borate solid electrolytes has been

shown to be important for ion transfer through the lattice.32,36,41 Recently, Muy

et al.38 showed that lowering the computed average vibrational frequency of the

lithium sublattice in LISICON by cation and anion substitution is accompanied by

a reduced migration barrier. Similar correlations between activation energy and

computed average frequency of sodium ions have been noted for sodium ion con-

ductors,34 in which activation energy is correlated with the Debye temperature, a

proxy for the softness of the lattice, i.e., corresponding to low-energy vibrational

modes. However, the average frequency of vibration reflects a weighted sum over

all phonon modes, and the Debye temperature only measures the slopes of the

acoustic phononmodes at very low wave vectors, neglecting the influence of the op-

tical phonons and including the effect of some irrelevant phonons to ion migration.

Most of these insights have been obtained from density-functional theory (DFT) lat-

tice relaxation, ab initio molecular dynamics (AIMD), or experimental characteriza-

tion. However, no direct information about specific phonons and their respective ei-

genvectors have been employed in a systematic way to obtain a deeper insight into

these phenomena. The information for eigenvectors of phonons have been used in

several modal-analysis methodologies for thermal transport, including atomistic

Green’s function (AGF),42 Boltzmann transport equation (BTE),43 and molecular dy-

namics (MD) simulations.44–47 These methods have shown that, in different mate-

rials, certain groups of modes could contribute to heat transfer with higher rates,

for instance, the high-frequency, in-plane phonons in graphene48 and interfacial

modes in semiconductor interfaces.49–51 In this study, we aimed to identify modes

of vibration that facilitate the ion migration by directly using the knowledge of pho-

nons and their respective eigenvectors, based on the approaches that were recently

developed in the context of MD-based phonon analysis.44–47

Here, we chose Ge-substituted Li3PO4 as our model system because Li3PO4 is a well-

known parent structure; from which, numerous fast, solid conductors have been

developed, including LGPS,52,53 and its ion conductivity can be tuned up to �10 or-

ders of magnitude by aliovalent and anion substitution.6 To identify the modal con-

tributions to the diffusion of the lithium ion, which is the only diffusing species in the

structure, we introduce two methodologies, one based on nudged elastic band

(NEB) calculations and another based on MD simulations. Following the previously

developed approaches for modal decomposition of thermal transport,44–47 we proj-

ect the atomic displacement or velocity fields onto the normal modes of vibration

along the hopping trajectory obtained from a NEB calculation. The magnitude of

the projection determines which phonons/normal modes become excited to facili-

tate that specific ion hop. Our results suggest that only a small subset of the phonons

is responsible for ion diffusion in Ge-substituted Li3PO4 and that diffusivity can be
Cell Reports Physical Science 2, 100431, May 19, 2021 3



Figure 1. Modal contributions to the ion hops in our model Ge-substituted Li3PO4 structure

(A) Modal contributions in the form of scattered (black dots) and accumulation (blue line) plots for

one individual Li ion hop; the energy of each mode is normalized by the lattice energy in that

snapshot

(B) Modal contributions in accumulation plots for all 619 detected hops in our model Ge-

substituted Li3PO4 structure. Because of the broken symmetry, different pathways in the system will

theoretically have different migration barriers; the distribution of which is shown by different colors.
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increased by increasing only the temperature of those modes instead of the bulk

temperature.

RESULTS AND DISCUSSION

Modal contributions obtained fromNEB calculations of Ge-substituted Li3PO4

The modal contributions to one example hop in Ge-substituted Li3PO4 shows that a

small subset of modes (around 10 THz) contributed much greater than the rest of the

modes (Figure 1A). The dominant hopping mechanism in the Ge-substituted Li3PO4

structure, is the concerted hop54 of two Li ions, one of which is the interstitial, as shown

in Figure 2C, and it is compared with two other hopping mechanisms in Figures 2A and

2B. The concerted hop mechanism is known as the interstitialcy mechanism,55,56 which

has been reported57,58 as the dominant mechanism for lithium ion diffusion in Li3PO4

and is used as the migration mechanism for the NEB-based modal analyses presented

in this study. The normalized integrations of the contributions with respect to frequency

(the accumulation) are shown as a continuous curve in Figure 2B for all the 619 hops in

the structure (the process of identifying those hops is explained in the Experimental pro-

cedures section). Most of the contributions to all the hops in the system come from

modes between 8 and 20 THz (Figure 1B). Although that range is centered around

the attempt frequency of the lithium ion (�14 THz; see Figure S1 and Note S2 for the

calculation procedure), the large range of frequencies for the contributing phonons

shows that more-intricate phonon processes are operative, which differs from the

simpler picture described by traditional approaches,59 wherein only one value of vibra-

tional frequency (the attempt frequency) enters the formulation. By averagingover all the

modal contributions calculated for all the hops in the system (Figures S2), we confirmed

that, on average, >87% of the lattice energy during the ion hop in the structure came

from<10%of themodes in the system (Figure S3). In addition, as is explained and shown

in Figure S4, in each hopping event, there is at least one mode that has a contribution

more than 10 times the average contribution by all the modes. Thus, the results in Fig-

ure 1 show that in Ge-substituted Li3PO4, only a fewmodes are responsible for the inter-

stitialcy diffusion mechanism in Figure 2C.

Because of the larger vibration amplitudes that localized modes attribute to the

interstitial and other neighboring ions than that of the delocalized modes60
4 Cell Reports Physical Science 2, 100431, May 19, 2021



Figure 2. Three hopping mechanisms in Ge-substituted Li3PO4 structure and the energy along the MEP (dotted curves) obtained from NEB

calculations

(A) The direct hop of a Li ion forming an octahedral (interstitial) at site (1) to another unoccupied octahedral site 3.

(B) The hop of a Li ion from a tetrahedral (lattice) site 2 to an unoccupied octahedral site 3.

(C) The concerted hop of two Li ions, in which one hops from a tetrahedral site 2 to an unoccupied octahedral site 3, and the other hops from an

octahedral site 1 to the tetrahedral site that was previously occupied by the first Li ion (site 2). The dominant hopping mechanism in Ge-substituted

Li3PO4 structure, is the concerted hop of two Li ions because of its lower migration barrier (MB) than the other two mechanisms.
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(Figure 3), localized modes might be the most strongly contributing modes to each

ion hop. However, inspection of the eigenvectors for the top two contributing

modes in Figure 1A (at 9.64 THz and 10.94 THz) revealed that highly contributing

modes can be either delocalized (Figure 3A) or localized (Figure 3B) in nature.

Because the modal analysis formalism is based on the supercell lattice dynamics

(SCLD) calculations (see Experimental procedures), all types of vibrational modes

in the system with no inherent assumptions about their character were identified;

from which, the contributions to ion diffusion, even for localized modes, were

computed. Having access to such a formalism (see Experimental procedures) is

crucial because, by breaking the symmetry in the system (e.g., by inclusion of va-

cancies and interstitial and substitutional ions, which is common in highly conductive

solid electrolytes61), the conventional picture of propagating phonons in pure crys-

talline solids breaks down as other non-propagating and localized modes must be

included.50,62,63 Figure S6 shows the spectral distribution of all the localized modes

of vibration for all the equilibrium configurations in our Ge-substituted Li3PO4.

Diffusivity enhancement by excitation of the highly contributing modes

Figure 4 shows that increasing the energy of the top five contributing modes among

all the possible hops belonging to the equilibrium configuration present at each time

step during anMD simulation—by increasing their temperature to 500 K and 700 K—

increases the diffusivity by 2 (�10�10 cm2/s) and 4 (�10�8 cm2/s) orders of magni-

tude respectively, compared with its value (�10�12 cm2/s) in the unperturbed (natu-

ral) simulation at a lower temperature of 400 K. In fact, when the lattice is kept at 400

K and only the top five most-contributing modes are excited to a particular temper-

ature, the diffusivity becomes what it would have been if the entirematerial had been

heated to that temperature. Unexpectedly, even if we excite only the single highest-

contributing mode in each of the equilibrium configurations, almost the same in-

crease in the diffusivity is observed. The small difference between the increase in

diffusivity by exciting the five highest-contributing modes and the one by exciting

only the highest-contributingmode can be explained by noting that more kinetic en-

ergy is input to the hopping ion by exciting five modes. How these excited modes

interact with the rest of the unexcited modes in the system is an interesting topic

for a future study, which can be investigated using the two-temperature model

that was presented in a recent study.15
Cell Reports Physical Science 2, 100431, May 19, 2021 5



Figure 3. Comparison between the eigenvectors of vibration belonging to the top two

contributing modes to the ion hop in the Ge-substituted Li3PO4 structure

Eigenvectors of vibration are shown by red arrows and are considered for the (A) highest and (B)

second-highest contributing modes in Figure 1A. Eigenvectors follow a (A) uniform and (B) non-

uniform distribution, which correspond to the delocalized and localized nature of these depicted

modes, respectively. The chosen equilibrium atomic configuration corresponds to panel 6 in

Figure S5.
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To illustrate that the increase in diffusivity from excitation only happens when the

specific modes that matter most are excited, Figure 4 shows that exciting five

randommodes in the 8–20 THz frequency range did not lead to significant enhance-

ment in the diffusivity. The novelty of discovering that only a small subset of vibra-

tional modes is responsible for the orders-of-magnitude increase in diffusivity by

modal excitation can be understood by noting the theoretical definition of the diffu-

sion coefficient in solidmaterials,D = D0 exp

�
�EA=kBT

�
.59 In that definition, EA and

D0 are known as the activation energy and the prefactor. According to the transition

state theory,64 EA and the passing of an ion through the transition state are solely

influenced by onemode of vibration in the system. However,D0 is theoretically influ-

enced bymanymodes of vibration in the system, which can be understood by noting

its dependence on several other parameters, D0fa2nn exp

�
DSm=kB

�
, where a, n, v,

and DSm are the lattice constant, the number of the nearest hopping sites, the

average frequency of vibration for the hopping atom, and the entropy of migration,

respectively. Among these parameters, DSm is a function of all the frequencies of vi-

bration in the system, and because of its exponential influence, it can affect the diffu-

sion coefficient by orders of magnitude, to a degree comparable to the influence of

the migration barrier, as was shown in recent studies by Krauskopf et al.34 and Muy

et al.65 Therefore, because, theoretically, many modes of vibration influence DSm,

and hence, D0, the observation that by exciting only a few modes in the system,

the diffusivity can change by several orders of magnitude, is, indeed, unexpected.

To check whether traditional parameters for diffusivity66 can explain the enhanced

diffusion rates caused by modal excitation in Figure 4, we quantified the changes

in attempt frequency (Figure S1), jump rate (Table S1), radial distribution function

(RDF) (Figure S7), amplitude of vibration (Figure S8), Haven ratio (the ratio of the

tracer diffusion coefficient to the conductivity [total] diffusion coefficient,67 which

can be interpreted as an index for the strength of correlated hops in the system) (Ta-

ble S2), and the migration barrier (Figure S9). However, the very small changes in

those parameters were not able to explain the orders-of-magnitude increase in diffu-

sivity observed by modal excitation (Figure 4). This also highlights the novelty of the

mechanism discovered herein, illustrating the importance of modal temperatures
6 Cell Reports Physical Science 2, 100431, May 19, 2021



Figure 4. Effect of targeted phonon excitation on the ion diffusion in the Ge-substituted Li3PO4

structure

By exciting the five highest-contributing modes or even the single highest-contributing mode to

ion diffusion in the Ge-substituted Li3PO4 structure to 500 K or 700 K and keeping the lattice at 400

K, the diffusivity increases by around two and four orders of magnitude compared with the

unperturbed/natural simulation at 400 K. Exciting five random modes to 700 K, however, does not

lead to a noticeable increase in diffusivity. The reported values are tracer diffusivity, but the same

increase was also observed in the conductivity (total) diffusivity67 (see Table S2). The activation

energy obtained from the linear fitting of the Arrhenius equation97 (0.68 eV) is in reasonable

agreement with the one obtained from the NEB calculations for the interstitialcy hop (Figure 2). In

addition, the orders of magnitude of our obtained diffusivity values are in agreement with the ones

reported for similar structures in previous studies.84,65 Error bars represent the standard deviation

for each data point. For some data points, error bars cannot be seen because they are smaller than

the marker size.
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(i.e., modal energies) and the concept of directionality brought into the analysis by

including the eigenvectors of vibration in our phonon-based methodologies (see

Experimental procedures). Overall, the 2–4 orders-of-magnitude increase in diffu-

sivity by modal excitation (Figure 4) can be attributed to increasing the energy of

the highly contributing modes in the structure, and those modes can push the ion

forward along its migration pathway. These results not only show that the identified

modes of vibration using our proposed methodologies are correct and are indeed

responsible for the ion diffusivity but also offer a new strategy to increase the diffu-

sivity of known solid-state ionic conductors by using techniques such as direct16,17,19

and indirect20–22 coupling to phonons without increasing the temperature of the

lattice.

Modal contributions obtained from MD simulations of Ge-substituted Li3PO4

The modal contributions to the diffusivity for the Ge-substituted Li3PO4 structure,

calculated from the mass diffusivity modal analysis (MDMA) method (see experi-

mental procedures), are shown in Figure 5B. The increase in the diffusivity accumu-

lation function in Figure 5B shows that the modes with frequencies between �8 and

20 THz are responsible for ion diffusivity. This observation is in excellent agreement

with the modal contributions obtained from the NEB-based approach (Figure 1B),

which is also averaged and shown in Figure 5B. The accumulation of the partial
Cell Reports Physical Science 2, 100431, May 19, 2021 7
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Figure 5. Normalizedmodal contributions to the conductivity diffusivity in Ge-substituted Li3PO4

structure calculated from MD-based method (MDMA)

The MDMA formalism is able to provide the degrees of both harmonic and anharmonic

contributions to the ion diffusion in the lattice.

(A) Partial phonon DOS for different elemental components of the structure in the form of a stacked

area chart.

(B) Modal contributions in the form of an accumulation function to the conductivity diffusivity

obtained from the MDMA method (red curve) and to the ion hop from the NEB-based modal

analysis (black curve). In addition, the accumulation function for the lithium partial DOS (blue curve)

has also been shown.

(C) Two-dimensional (2D) map showing the magnitudes of the pairwise correlations/interactions

contributing to the conductivity diffusivity on the plane of two frequency axes.

(D) Similar to (C), except the values on the diagonal (harmonic interactions) have been zeroed for better

visualization of the off-diagonal terms (anharmonic interactions). The shaded gray and red regions in (B)

represent the statistical distributions in NEB- (see Figure 1B) and MD-based modal decompositions,

respectively. MD results shown on this plot are obtained from natural simulation at 800 K.
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density of states (DOS) for lithium ions shown in Figure 5B, obtained from the partial

DOS in Figure 5A, also shows reasonable agreement with the modal contributions

obtained from the NEB-based and MDMA approaches. The generality of this
8 Cell Reports Physical Science 2, 100431, May 19, 2021
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agreement should be investigatedmore in future studies; however, NEB andMDMA

reveal the exact individual contributing modes to each ion hop in the system.

We use the MDMA formalism to, for the first time, quantify the anharmonic interac-

tions that lead to ion diffusion in a solid lattice. Individual values of Ds;n;n0 (see Equa-

tion 11 and the experimental procedures section) are shown on maps of correlation

in Figures 5C and 5D. By summing over all the pairwise correlations in Figure 5C, we

confirmed that >92% of the contributions to diffusivity arise from the correlations

along the diagonal (iso-frequency modes), indicating that most of the contributions

by phonons to the diffusivity in the Ge-substituted Li3PO4 system originate from the

harmonic interactions. The remaining contributions (�8%) came from off-diagonal

terms (anharmonic interactions), which can be observed better in Figure 5D after

omitting the diagonal terms (i.e., artificially setting them to zero). Even after

removing the diagonal terms, all the large contributions are still close to the diago-

nal, which shows that all the anharmonic terms are also between themodes that have

relatively similar frequencies. Quantifying anharmonic interactions is particularly

important for fast ion conductors because the lower migration barriers in those

ion conductors have been shown to be correlated with softer lattices,34,38 which typi-

cally allow for greater degrees of anharmonic interactions.68 In a recent study, using

AIMD simulations and Raman polarization-orientation measurements, Brenner

et al.69 attributed the large broadening of vibrational peaks in AgI superionic

conductor to the strong anharmonic interaction of the Ag+ ion and the rigid iodine

lattice. Our chosen Ge-substituted Li3PO4 compound is not a superionic conductor,

which could be the reason for the low degrees of anharmonic contributions that we

calculated for ion conduction from the MDMA method. Overall, our analysis pro-

vides a quantitative way to measure the effect of anharmonicity on the solid-state

diffusion, which has already been recognized in earlier works, but little quantitative

evidence has been provided,70,71 and that is, with the exception of a few com-

pounds, such as CuCrSe2
72 and AgCrSe2,

73 where recently, inelastic neutron-scat-

tering measurements have revealed a softening of acoustic modes, which are asso-

ciated with the superionic transitions in those materials. Ultimately, more studies are

needed to compare the inelastic interactions observed for our Ge-substituted

Li3PO4 compound with other ion conductors with more-polarizable anions in which

the anharmonicity is expected to be more important.74,75

We have introduced two modal decomposition formalisms (see experimental pro-

cedures) that determine the individual normal mode contributions to ion diffusion.

Our results for a model structure of Ge-substituted Li3PO4 show that a small group

of modes (<10% of the vibrational modes in the system) are responsible for >87% of

the diffusion. Of greatest significance is that, when we externally excited a targeted

subset of the highest-contributing modes, the diffusion increased to the value asso-

ciated with the effective temperature of the targeted modes, even if the lattice is

kept at a lower temperature. This observation is intriguing because a high diffusivity

can be achieved while the bulk temperature of the material remains at a much lower

temperature.

Although the selected Ge-substituted Li3PO4 composition in this study comprises a

rather slow ion conductor, we think the presented, rigorous theoretical frameworks

in this report can be used to study the fundamental concept of phonon-ion interac-

tion, which is important in the field of superionics.7,76–78 Recent reports have, so far,

only linked the idea that phonons contribute to ion transport,30–41 but this is the first

study showing that specific-mode excitations can be used to influence diffusion in

solids, which is influential to the field of lattice dynamics affecting ion transport
Cell Reports Physical Science 2, 100431, May 19, 2021 9
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and will most likely lead to more work on optoionics.79–81 In addition, the idea that a

diffusion hop can be enhanced directly by phonon excitation has far-reaching impli-

cations. If such an effect can be confirmed experimentally (see Note S3 for a possible

approach to experimental evaluation of the reported observations in this study), it

would open the door to many new possibilities. For example, it may be possible

to operate systems or devices that have portions that are diffusion limited at lower

temperatures, which could lead to major cost savings and performance improve-

ments. For instance, hypothetically, if oxygen diffusion through YSZ were limiting

in solid oxide fuel cells (SOFCs), and the diffusivity it exhibits at a bulk temperature

of 1,100 K could be achieved at a much lower temperature of 300–400 K, via some

other means, there might be a dramatic effect on lowering the cost, enhancing the

efficiency, and increasing the life and proliferation,10 at the system level by using

cheaper materials and seals for the piping/infrastructure. Furthermore, it is likely

that this effect can be generalized to reactions, enabling a type of phonon catal-

ysis,82 whereby only the modes that matter are targeted and deliberately excited

to accelerate a reaction. Similarly, this effect may be generalizable to phase transi-

tions28,29 and other transformations, or possibly even the reverse, i.e., the suppres-

sion of a reaction or phase transition by reducing the amplitude of the modes that

facilitate the transition(s). The findings reported in this study, therefore, provide a

gateway to thinking about new ways that specific vibrations can be used to enhance

or potentially inhibit diffusion, reactions, and/or phase transitions, etc.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Asegun Henry (ase@mit.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data are available from the lead contact upon reasonable request.

Modal decomposition based on NEB calculations

Ion diffusion in solids typically involves the translation of an ion from one location to

another; in which, the starting and final locations usually correspond to ion configu-

rations that are local minima in the potential energy surface (see Figure 6). Conse-

quently, each of the equilibrium ionic configurations at the beginning and end of

a hop could have a different set of normal modes of vibration. Thus, although we

may have one minimum energy pathway (MEP) between equilibrium configurations

1 and 2 (see Figure 6), because of the different vibrational modes at these two en-

ergy minima, the modes that initiate an ion hop from site 1 to site 2 may be different

from the ones that initiate a hop from site 2 to site 1. More explanation on how two

different equilibrium configurations in one structure possess different normal modes

of vibration is provided in Note S4. To determine which modes of vibration in a local

equilibrium contribute to the ion hop along a specific pathway, we combine NEB and

lattice dynamics (LD) calculations.

An NEB calculation83 determines the MEP between two equilibrium configurations.

Each NEB calculation results in a desired number of ionic configurations (snapshots

of displaced ions) that are distributed along the MEP between the two end-equilib-

rium configurations. According to the LD formalism,14 any atomic displacement field
10 Cell Reports Physical Science 2, 100431, May 19, 2021
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Figure 6. MEP schematic between three minimum energy sites (sites 1, 2, and 3)

Migration barrier (MB) is the maximum energy difference along the MEP (e.g., MB = Etransition state �
E1 for the hop from site 1 to site 2) that the hopping ion needs to overcome. The dots on the MEP

between sites 1 and 2 show the ionic configurations (displacement fields) obtained from the NEB

calculation. The displacement-field halfway points to the transition state, shown by the solid and

dashed squares, are used to obtain the modal contributions to the ion hops from sites 1 to 2 and

from sites 2 to 1, respectively.
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can be projected onto any complete set of normal modes of vibration to determine

how the normal modes superpose to recreate that exact displacement field. The

magnitude of projection, as has been recently learned from modal decomposition

of thermal transport,44–47 shows the degree to which each normal mode is contrib-

uting to that displacement field, which can be quantified using the following

expression,14,47

Qn =
XN
i = 1

ffiffiffiffiffiffi
mi

p
e�
i;n,ui (Equation 1)

where ui is the displacement of atom i from its equilibrium position in the configura-

tion at the hopping origin; ei,n is the eigenvector for mode n, assigning the direction

and displacement magnitude of atom i obtained from an SCLD calculation45,47,63 for

the structure at the hopping origin; * denotes the complex conjugate operator; and

mi is the mass of atom i. Qn is the modal displacement coordinate, the square of

which is proportional to the mode potential energy En according to Equation 2:

En =
1

2
u2

nQ
2
n (Equation 2)

The total energy of the system E is equal to the summation over all modal energy

values, E =
P
n
En. Here, En is the contribution by mode n to the potential energy

of the displaced lattice during the ion migration, which can be interpreted as the

contribution by mode n to the ion hop along its migration pathway. It should be

noted that, in the presented NEB-based modal analysis, the definition for modal ki-

netic energy14 could not be used as a metric for analyzing the modal contributions to

the ion hop because the atomic velocities are not available in an NEB calculation. To

perform the projection of the displaced atoms onto the normal modes, a choice

must be made as to which configuration along the MEP should be used to perform

the projection. Although that is somewhat arbitrary, for simplicity, we selected the

configuration that is halfway between the hopping origin and the transition state

(see Figure 6). We avoided projection on points closer to the saddle point based

on the practical consideration that the structure would likely exhibit modes with

imaginary frequencies near the transition state, which might introduce undesirable
Cell Reports Physical Science 2, 100431, May 19, 2021 11
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complexity, the effect of which will be analyzed in follow-on studies. Nevertheless,

we examined the projections closer to the beginning stages of the MEP, compared

them to those at the halfway point, and noticed almost no change in the contributing

modes (Figure S10), which suggests the choice of the halfway point is satisfactory, at

least for the system under consideration. To calculate the modal contributions for all

the possible hops in the structure, we applied the above procedure to (1) all the

distinct equilibrium configurations in the system because each of them would

have different vibrational modes, and (2) all the ion hops in each of those equilibrium

configurations.

NEB calculation details

To test our formulations, we chose Ge-substituted Li3PO4 as an example structure.

The interatomic potentials for NEB calculations and MD simulations were obtained

from a well-established form potential, which has been successfully tested in a num-

ber of previous studies,65,84–87 including with Li-conducting compounds.65,85 This

form potential comprises a long-range coulomb term, a short-range Morse function,

and a repulsive term. The parameters were obtained from the library of potentials

developed by Pedone et al.,88 which has been successfully tested in previous MD

simulations of silicates and polyanion type materials, including Li3PO4.
84 The exact

formulas and parameters of which are provided in Table S3. To further check the ac-

curacy of this interatomic potential used, we calculated the lattice constants for the

perfect g-Li3PO4 crystal from the isobaric-isothermal MD relaxation at zero pressure

and room-temperature and compared them with the existing first-principles57 and

experimental89–91 values (Table S4). The comparison showed that the lattice con-

stants in our simulations have <3% difference with other reported values. The pris-

tine Li3PO4 structure was chosen to be a 3 3 2 3 1 supercell containing 192 atoms,

(g-Li3PO4, space group Pnma) with the lattice dimensions given is Table S4. In the

pristine structure, one P was substituted by one Ge, and one Li was added in the

form of an interstitial to maintain charge neutrality; hence, the structure contains

193 ions (Li3.042Ge0.042P0.958O4). This composition is a simple case to show the effec-

tiveness of the modal excitation approach in this article. If the number of Ge-substi-

tute atoms increases, for charge neutrality, the number of Li interstitials should also

increase. More interstitial sites complicate the modal-excitation experiment

because of the possibility of simultaneous hops in the simulation and the consequent

challenge in deciding which modes to excite during the simulation. There are 36

available, unique interstitial sites to add this Li interstitial. However, among those

36 interstitial sites, only 31 resulted in a stable configuration with positive vibrational

frequencies (Figure S5 shows schematics of those distinct configurations). Each hop-

ping event brings the structure from one of those equilibrium configurations to

another.

As is shown in the results section, the dominant hopping mechanism in our Ge-

substituted Li3PO4 is the interstitialcy mechanism.55,56 To determine the phonon

contributions to all the possible interstitialcy hops in the system, we need to account

for all the interstitialcy hops in each of the equilibrium configurations. To do so, we

first counted the nearest-neighbor Li lattice sites to the interstitial ion. Then, for each

of those nearest-neighbor Li lattice sites (tetrahedral sites), we counted the nearest-

neighbor interstitial sites (octahedral sites), with the constraint that the nearest-

neighbor interstitial site be among the 31 stable interstitial sites. Counting for all

those combinations, resulted in 619 distinct hops in our structure that follow the in-

terstitialcy mechanism. The SCLD calculations determined the normal modes of vi-

bration for all 31 equilibrium configurations and were performed using the general

utility lattice program (GULP)92 package, whereas the MD simulations and the NEB
12 Cell Reports Physical Science 2, 100431, May 19, 2021
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calculations were conducted using the large-scale atomic/molecular massively par-

allel simulator (LAMMPS)93 package, following the formulations by Henkelman

et al.83 to ensure the correct determination of the saddle point. The reasons for

why our calculations are based on classical interatomic potentials and LAMMPS

package are discussed in Note S5.

Targeted excitation of modes to enhance diffusivity

After finding the strongest contributing modes to the ion diffusion using the NEB

approach, we examined whether external excitation of a small subset of those

modes in anMD simulation had any measurable effect on the tracer and conductivity

ion diffusivities. At each time step during the simulation, the equilibrium configura-

tion was found by checking where the interstitial ion was located (i.e., which octahe-

dral site was occupied) because the distinction between equilibrium configurations

was based only on the occupied interstitial site and because the relative position of

non-interstitial ions remained unchanged across different equilibrium configura-

tions. By knowing the equilibrium configuration, we then excited the five highest-

contributing modes among all the contributing modes to all the possible hops

belonging to that configuration and kept the bulk temperature fixed. After a hop

happened, a new equilibrium configuration was detected, and the process

continued by exciting the five highest-contributing modes among all the possible

hops associated with the new configuration.

Because ion diffusivity increases with temperature, we ensured that the bulk lattice tem-

perature remained constant at a low temperature, so that any change in the diffusivity

could be attributedonly to the excitation of the targetedmodes and not to the bulk tem-

perature. To do so, we kept the total kinetic energy of the system constant via a velocity-

rescaling scheme, in which, the addition of energy to the top five modes was compli-

mented by a uniform reduction in the kinetic energy of all other modes in the system.

To change the temperature of mode n to a desired temperature Td, we modified the

atomic velocities in the system according to the following formula:

vi = vi +
1ffiffiffiffiffiffi
mi

p
h ffiffiffiffiffiffiffiffiffiffiffiffiffi

2kBTd

p
� _QnðtÞ

i
ei;n (Equation 3)

where vi is the velocity of atom i, and _Qn is the modal velocity coordinate defined

by,14

_Qn =
XN
i = 1

ffiffiffiffiffiffi
mi

p
e�
i;n,vi (Equation 4)

The derivation of Equation 3 is provided in Note S6. This rescaling procedure in-

duces only a slight perturbation to the system, given that the top-five modes

comprise only 0.86% of the modes in the system, and thus, the reduction in energy

for all other modes is only <1% of their energy (see Note S7 and Table S5 for discus-

sions about the needed thermalization power). In this study, the above-mentioned

rescaling procedure was applied every five-times steps (every 5 fs). Although a veloc-

ity-perturbation scheme has been used in this study, other methods for modal exci-

tation, such as atomic position perturbation94 or simultaneous perturbation of

atomic positions and velocities,95 have also been employed in previous studies,

particularly those with the goal of investigating the phonon-phonon interactions in

MD simulations. However, the chosen method for modal excitation should not

change the reported observations in this study because modal excitation (increasing

the energy of a mode) can be achieved either by increasing the potential (position

perturbation) or the kinetic (velocity perturbation) energy of the mode; the choice

of which should not matter.
Cell Reports Physical Science 2, 100431, May 19, 2021 13
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Modal decomposition based on MD simulations

To directly obtain the contributing modes to the ion diffusion from MD simulations, we

used the definition of diffusivity based on the fluctuation-dissipation theorem96 and fol-

lowed a modal-decomposition approach similar to that employed in MD-based ther-

mal-transport studies.44–47 Consistent with prior work on phonon transport,44–47 we

have termed this formalism ‘‘mass diffusivity modal analysis’’ (MDMA). In MDMA, the

modal contributions to the atomic velocities are obtained and then used to decompose

the following definition for conductivity diffusivity (Ds):
67,75

Ds =
Nc

3

ZN
0

hvcðtÞvcð0Þidt (Equation 5)

Conductivity diffusivity (Ds) not only includes the self-correlation information

embedded in the tracer-diffusivity definition (Equation S11), but it also includes

the many-particle-correlation information. In Equation 5, Nc is the number of hop-

ping particles in the system, h/i denotes the auto-correlation operator, and vc is

the center of mass velocity for the hopping particles:

vc =
1

Nc

XNc

i = 1

vi (Equation 6)

To calculate the individual contribution by mode of vibration n to vi (vi,n), first modal ve-

locity coordinate _Qn is calculated (Equation 4);14 from which, vi,n is determined by14

vi =
X3N
n= 1

_QnðtÞffiffiffiffiffiffi
mi

p ei;n =
X3N
n= 1

vi;n/vi;n =
_QnðtÞffiffiffiffiffiffi
mi

p ei;n (Equation 7)

Replacing vi in Equation 6 with its modal contributions (vi,n) results in the modal con-

tributions to the carriers’ center of mass:

vc =
X3N
n= 1

1

Nc

XNc

i = 1

vi;n (Equation 8)

which is substituted in one of the vc terms in Equation 5 to extract the modal contri-

butions to diffusivity (Ds,n),

Ds =
X3N
n= 1

1

3

ZN
0

*XNc

i = 1

vi;nðtÞvcð0Þ
+
dt =

X3N
n= 1

Ds;n/Ds;n =
1

3

ZN
0

*XNc

i = 1

vi;nðtÞvcð0Þ
+
dt

(Equation 9)

Similarly, the modal contributions to ion conductivity (sn) can be obtained; the de-

tails of which are provided in Note S8.

By substituting for both center-of-mass velocities in Equation 5 with their modal con-

tributions from Equation 7, the above formulations can be extended to capture the

modal contributions to diffusivity in more detail:

Ds =
X3N
n= 1

X3N
n0 =1

1

3

ZN
0

*XNc

i =1

vi;nðtÞ
XNc

i0 = 1

vi0 ;n0 ð0Þ
+
dt =

X3N
n= 1

X3N
n0 = 1

Ds;n;n0 (Equation 10)

where individual contributions from the correlation/interaction of eigen mode pairs

n and n0 (Ds,n,n0) are given by,

Ds;n;n0 =
1

3

ZN
0

*XNc

i = 1

vi;nðtÞ
XNc

i0 = 1

vi0 ;n0 ð0Þ
+
dt (Equation 11)
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which provides additional insight into the degree to which each pair of

modes interact, i.e., the anharmonicity via terms in which n s n0, to facilitate

diffusion.

The combination of the MD- and NEB-based modal decomposition methods pre-

sented herein provides a detailed picture for the ion diffusion. Although both

methods are based on projecting the trajectory of the hopping ion on the eigenvec-

tors of vibration, the way they sample the phonon contributions to the ion hop is

different. In the NEB-based approach, the contributions are calculated based on

the atomic displacement field, whereas in the MD-based method, the contributions

are obtained based on the atomic velocity field. In addition, MD samples the domi-

nant mechanisms that are present in a natural simulation of the material, whereas

NEB can be used to study specific mechanisms and the ion hop along specific

migration pathways, regardless of the likelihood that they would occur at a given

temperature.
Diffusivity calculations

The total mean squared displacement method (TMSD) was used to measure the

diffusivity of Li ions in our structure; the details of which are explained in the existing

literature97 and in Note S9. First, the structure was relaxed under the isobaric-

isothermal ensemble for 1 ns at zero pressure and T = 400 K and under the

Nosé-Hoover canonical ensemble for another 1 ns at T = 400 K; then, the structure

was simulated for another 10 ns under the same ensemble to obtain the needed

displacement data for diffusivity calculations. The time step was chosen to be 1

fs, and statistical uncertainty was reduced by considering five independent ensem-

bles.98 For calculating the conductivity-diffusion coefficients, total conductivity was

calculated following the existing literarure;67 the details of which are also explained

in Note S9.
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