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The phonon spectrum and resonance are studied by lattice dynamics and the modified analytic embedded-atom
method. The phonon spectrum of lithium is calculated along three principal directions. The calculated and
experimental values are in good agreement. Moreover, the phonon dispersion of acoustic wave is added to the
phonon spectrum of lithium metal and the transverse and longitudinal waves of resonance frequencies are
calculated. It is proposed that acoustic wave could resonance with metal lithium electrodes and break the

detrimental lithium dendrites. Otherwise the resonance could be controlled in each direction by adjusting the
frequency, thus changing other properties of lithium.

1. Introduction

Metallic lithium plays a pivot role in many industrial applications
such as aerospace nuclear plant and battery materials. Particularly,
lithium metal electrode is an essential part of battery industry and is the
most promising anode material because of its most negative normal
electrode potential (-3.040 V vs the standard hydrogen electrode) and
the ultra-high capacity (3860 mAh/g), so that lithium metal is regarded
as a “Holy Grail” electrode and has received extensive attentions [1-3].
Batteries adopting metal lithium as negative poles are likely to become
the next generation of high energy storage device [2]. However, the
growth of uncontrolled lithium dendrites [1] and limited coulombic
efficiency [1] result in poor cycling efficiency, severe safety concerns,
and poor lifespan, which severely prevents the practical applications of
lithium metal based batteries. To address this issue, various methods
from the aspect of chemistry of materials have been proposed [4], for
example, highly concentrated electrolytes [5], ‘Solvent-in-Salt’ electro-
lytes [6], carbon-coated lithium metal anode [7,8], selection of elec-
trolyte additives (film forming additives includes FEC [9,10], VC
[11,12], deposition additives includes Cesium ion [13]), constructing
solid electrolyte interphase (SEI) [14,15], chemical pretreatment (gas-
phase treatment [16,17], liquid-phase treatment [15,18]), electro-
chemical retreatment [19-21], physical pretreatment [22], negative
surface protection (LiF [23], LiPO4 [24]), and negative skeleton
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structure design (Lithiophilic skeleton [25-27], conductive skeleton
[28,29]).

Dendrites growth is generally unstable and fragile in the experience
of metallurgy science, which can be easily disrupted or broken by con-
ventions and vibrations. The resonance vibration could be devastating
for the nucleation and growth of lithium dendrite from the dandling
bonds of lithium metal surface. The resonance vibration can be exerted
by external devices during Li ions’ reduction on the lithium metal anode
(charging process) to inhibit the formation of detrimental lithium den-
drites. Calculating accurate resonance data for anistropic lithium metal
crystalline and optimizing the external resonance are therefore the work
of top priority.

The phonon spectrum is the basis for calculation of the resonance
frequency of metals. Many methods have been developed to measure the
phonon spectrum which include Far-Infrared and Infrared Spectroscope
(FIR and IR) [30], Raman Spectroscope (R) [30], Brilouin Spectroscope
(B) [30], Diffus X-Ray Scattering [30] and Inelastic Beutron Scattering
(INS) [30]. Theoretical calculation of the Lithium metal’s resonance
frequencies is still deficient and it could remedy the lack of experiment
measuring, where the calculation of phonon spectrum of lithium metal is
imperative.

There are many methods for calculating phonon spectrums, for
instance, pair potentials [31-33], the general tensor force model [34],
the embedded atom method (EAM) [35], analytic EAM (AEAM) [36,37],
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ab initio [38-41], and pseudopotential theory [42]. Based on EAM,
MAEAM developed by Zhang et al. [43] is more accurate because it
proposed the expression of energy correction term [44] which is used to
describe the energy deviation caused by the deviation of electron density
from the spherically symmetric distribution and it provides an analytical
expression of interatomic potential functions [43] which can describe
various metal structures. In this paper, we have used MAEAM method to
calculate the phonon spectrums of lithium metal in [100], [110] and
[111] directions. The calculated results and experimental values
measured by H.G. Smith et al. [44] are in good agreement.

Calculating resonance by phonon spectrums has already been used in
ionic crystals. By calculating the phonon spectrums of ionic crystals, the
conditions for resonance with electromagnetic waves can be obtained
[45]. Therefore, long optical waves of ionic crystals can resonate with
far-infrared rays, which has been widely used [45]. Presented in this
paper, similarly, we calculate the phonon spectrum of lithium metal by
MAEAM method and the conditions of resonance between lithium metal
and acoustic wave in [100], [110] and [11 1] directions. Specially, we
discuss the resonance of acoustic wave propagated in air with lithium
atom at room temperature and calculate the conditions of resonance
between lithium metal and acoustic wave in [111] directions.

Through resonance, the surface resonance of lithium metal electrode
is intensified during charging, so that lithium ions are preferentially
reduced in the vacant position, and inhibit the growth of lithium
dendrite ultimately. The vacancy could be produced by two reasons.
One reason is the lithium deintercalation during discharging. Another
reason is the non-uniform Li deposition [49] during charging which is
shown in Fig. 1a. We consider the surface of lithium metal electrode in
an ideal state and take (100) as an example, which is shown in Fig. 1b.
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2. Methods
2.1. Maeam

According to MAEAM [43], which takes into account the next-
nearest neighbor proposed by Zhang et al., the basic formula of the
modified analytical embedded atomic method for lithium metal is ob-
tained as follows [43]:

E= Y F () 45 3 0(n) + Y m(p) )
i i j# i
Pi= Zf(”u) 2

J#

Pi= Zfz(r,j) )

J#i

where E; is the total energy of the system, p; is the density of electrons
produced by all other atoms at atom i, P; is the contribution of non-
spherical symmetry to electron density of atoms in real crystals.

F(p;) is the “embedding energy” function (energy required to embed
an atom in the background electron density p; at site i), ¢(r) is the
interaction potential between atom i and atom j, M(P;) is the modified
term which describes the energy change due to nonlinear superposition
of atomic electronic density, f(r;) is the electron density of atom j at
atom i, and ry is the separation distance of atom i from atom j. F(py),
@(ry), M(P) and f(ry) are given by [43]:
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Fig. 1. a, The surface changing process of
lithium metal electrode with/without reso-
nance. Step 1: The non-uniform Li deposition
[49]. Step 2: Formation of lithium dendrites
[49]. Step 3: Resonance could break the
lithium dendrites directly. Step 4: With
resonance, Li uniformly deposited on the
surface. b, The uniform Li deposition with
resonance. Acoustic wave to produce reso-
nance and the surface of lithium metal in
(100) crystal plane where the lithium ions
are preferentially reduced in the vacant po-
sition during charging.
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M(Pi)—a<%—l)zexp|:— (%—1)2} (6)

B
£(ry) =1 (i> @)

where the subscript “e” represents equilibrium state and rie, 12, I'se
are the first, the second and the third nearest neighbor distance at
equilibrium. f~6. We discussed the calculation of the phonon dispersion
relationship of lithium metal by MAEAM considering the next-nearest
neighbor. Therefore, ¢(ry) is selected to r < ra.

Fo, fe, pi» P, are the calculated model parameters which are given by
[43]:

Fo=E.—E, (€3))
fo=[(E.~E)/2]" ©
P, = Nifi + Naof 10)
P, = Nif? + Nof? a1
fi=1(re) (12)
fr=f(re) (13)

where E is the cohesion energy, E, is the mono-vacancy formation
energy, Q is the volume of primitive cell.

There are the following MAEAM model parameters for lithium metal
[46-48], and calculated parameters shown in Table 1 and 2:

2.2. Lattice dynamics

It is known that the total potential energy of an atomic system is a
function of the instantaneous potential vectors of all atoms:

E=E[+r(l) +u(l) + -] 14)

where r(l) is the equilibrium potential vector of atom [, u(l) is the
instantaneous displacement of the equilibrium position of atom L In the
case of small displacement, the three-dimensional Taylor expansion of
the potential energy at the equilibrium position is carried out and the
atomic motion equation is obtained under the harmonic approximation:

mitg(1) = =" (1, )y () (1s)
Pk
Table 1
Calculated parameters for lithium metal.
Parameters Li
Li
The coordination numbers of the first shell N; 8
8
The coordination numbers of the second shell N, 6
6
The volume of primitive cell Q, nm® 0.0216
Model parameters Fy, eV 1.2150
1.150
Model parameters ly, eV —0.0593
Model parameters [;, 10 eV 7.7057
Model parameters ko, eV
Model parameters I, eV 1.8372
Model parameters I3, eV —3.9453
Model parameters n 0.1130
Model parameters o —0.0019
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Table 2

MAEAM model parameters for lithium metal [46-48].
Parameters Li Ref.
Lattice constant a, nm 0.3509 [46]
Mono-vacancy formation energy Ez,, eV 0.4150 [47]
Cohesion energy E., eV 1.6300 [46]
Elastic constant C;;, eV/nm? 92.500 [48]
Elastic constant Cz, eV/nm? 78.125 [48]
Elastic constant Cys, eV/nm? 67.500 [48]

where m is the atomic mass, a, § = x, ¥, z (components of cartesian
coordinates), @qs(Lk) is the atomic force constants, representing the
force acting on atom [ in the direction while atom k moves a unit
displacement in the direction 8, which can be calculated by evaluating
the second derivatives of the total energy of a system E; with respect to
the atoms coordinates:

IE,
@l k) = W (16)
Substitute (14) into (13):
M’ Au(l) = 3 Ap(k)p (1 K)exp{ — ige[F(k) — T(1)]} a7
kp
The dynamic matrix is defined as:
Day(l,k) =Y s (I K)exp{ — ig-[7 (k) = 7(D)] } 18)
k
Substitute (16) into (15):
> "Day (1, k)Ag (k) — ma? (g)Aq(l) = 0 19)

4

where (17) is the secular equation, A,(D), As(k) are the amplitude of
atom [ in direction a and the amplitude of atom k in direction g, q is the
three-dimensional wave vector, r(D), r(k) are the displacement vectors of
atom [ and atom k. In harmonic approximation, the normal mode
phonon frequencies o corresponding to a wave vector q can be calcu-
lated by solving the secular equation.

In this paper, lithium metal with body-centered cubic structure
considers the first and the second nearest neighbors. The first nearest
neighbor force constants (a = |(p(,,;(l,1)|) and the second nearest
neighbor force constants (f = |(paﬁ(l,9)|) need to be calculated. Assuming
that there is only two-body central force and the equilibrium position of
atom [ is the coordinate origin, so the central atom is forced by 8
neighboring and 6 next-neighboring atoms and the following formulas
are obtained:
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where Qxx, Pyy, Pzz, Pxy> Pxz, Pyz are the central atom [ forces itself on
X .Y, 2, X, X, y directions when it displaces unit distance on x ,y, 2, y, 2, 2
directions. Assuming that the equilibrium positions of 8 neighboring and
6 next-neighboring atoms are:

+(525) G325 2(-353) on
+(a,0,0),%(0,a,0), £(0,0,a)

By calculating the expressions of each dynamic matrix and putting
them into (17), we get w(q) which is dispersion relations:
Wave vector q in [100] direction:

4
a)f =— [ﬂsinzgq + 4asin2g q]
m 2 4
{ (22)
2 16 . ,a
W53 = ;asm 79
Wave vector q in [110] direction:
8 . 2\/j
W] = ;asm %

(=2 -+ prsin2aq @3

2 \/E

4
w5 = %ﬂsinzT aq

Wave vector q in [111] direction:
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4 V3 V3
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7, m(ﬂsm 3 aq + 4asin 7 aq>

3 3
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2
w; =—
3
asinzﬁ aq

Substitute E; into (14), we get:

@(i.j) = ¢ (rg) + 2F (p)f" (ry) + F' (p,)f (ry)* 25)
M (P)[f (ri)f () +f (r)*] + 4M" (P (r)f (ri)?

where rj; is the separation distance of atom i from atom j:

T =T+ u(j) — u(i)
{ ry = 1y +u(j) — u(i) (26)

Then the frequencies @ can be obtained by solving (23).

3. Results and discussion
3.1. Phonon dispersion of lithium

The calculated phonon dispersion curves, the available experimental
values [44] and the calculated results of Guellil and Adams [36] for
lithium metal in three directions of [100], [110], [111] are shown in
Fig. 2a-2c, respectively. For bcc metal, the phonon spectrums only have
acoustical branches [45] which include transverse branch and longitu-
dinal branch. In Fig. 2a, the black lines represent the longitudinal
branches which vibrate along [100] direction, and the red lines repre-
sent the transverse branches which vibrate perpendicular to [100] di-
rection. In Fig. 2b, the black lines represent the longitudinal branches
which vibrate along [110] direction. The two red lines represent
transverse branches. One vibrates along [001] direction and spreads
along [110] direction, and the other vibrates along [1-10] direction
and spreads along [110] direction. In Fig. 2¢, the black lines represent
the longitudinal branches which vibrate along [11 1] direction, and the
red lines represent the transverse branches which vibrate perpendicular
to [111] direction.

The calculated phonon dispersion curves reproduced very well the
available experimental results. In [100] and [110] directions, the
calculated and experimental values are in better agreement than the
results of Guellil and Adams [36]. In [11 1] direction, the curves have a
shape which is very similar to that found experimentally, though the
actual degree of fit varies somewhat. Partly reasons are the present
calculations are within harmonic approximations, and the experimental
values are obtained at a temperature where the anharmonic effects are
not negligible instead. In short, the theoretical and experimental data
are in good agreement by using MAEAM methods.

3.2. Resonance

For resonance with acoustic waves, we combine the acoustic
dispersion with phonon dispersion of Li and get the slope of a certain
range which are the conditions of resonance. The dispersion relation of
acoustic wave can be calculated by:

W =vq 27)

where v is the velocity of acoustic wave and also the slope of the
dispersion relation. The acoustic wave velocity is changed in different
mediums. Therefore, the different slopes represent the acoustic wave
velocities in different mediums and we calculate the certain velocities
which can resonance with metal lithium. The results are shown in
Fig. 3a-3g.

Where kmgx and knpin represent the maximum and minimum slope of
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Fig. 2. Phonon dispersion of Li in (a)[100], (b)[110] and (c)[111] directions. The solid lines represent the calculated results, the various symbols represent
experimental data [44] and the dashed lines represent the calculated results of Guellil and Adams [36].

calculated curve. According to (25), the slope k is the velocity. There-
fore, we can calculate the range of velocity which is actually the con-
dition of resonance. We summarize the above results in Table 3:

The acoustic wave velocity is changed in different mediums, and the
certain velocity can be selected from Table 3.

In addition, we can calculate the frequency of the acoustic wave
through the velocity of acoustic wave in the certain medium. Specially,
the propagation velocity of acoustic wave in air is approximately 340 m/
s at room temperature. According to Table 3, resonance occurs in [111]
and [110] direction. Taking the [111] direction as an example, the
results are shown in Fig. 4.

The black and red solid point are the conditions of resonance which
are the certain frequencies 5.91 x 10'2 Hz in transverse wave and 8.91
x 10'2 Hz in longitudinal wave.

It means when acoustic wave contacts lithium in the air, if the fre-
quency of the acoustic wave is 5.91 x 102 Hz, the resonance condition
is satisfied in [111] direction. The metal lithium will have a strong
resonance with the acoustic wave, and the metal lithium atom will
vibrate violently along the [11 1] direction. Similarly, if the frequency of
the acoustic wave is 8.91 x 10'2 Hz, the resonance condition is also
satisfied. The metal lithium atoms will vibrate violently perpendicular to
[111] direction. Therefore, there are two factors that affect lithium
resonance with acoustic wave, frequency and velocity of the acoustic
wave.

4. Conclusion

Combining the second nearest-neighbor modified analytic
embedded-atom method (MAEAM) with lattice dynamics, we have
calculated the expression of atomic force constants, and the phonon
dispersion of lithium metal along directions [100], [110] and [111].
The calculated and experimental values are in good agreement. Through
adding the phonon dispersion of acoustic wave to the phonon dispersion
of lithium metal, we have calculated the conditions of resonance in these
directions. Specially, we have calculated the conditions of room tem-
perature in the air. The results show that frequency and velocity of the
acoustic wave are two factors affect the resonance. When these condi-
tions are met, we mentioned that acoustic wave could be used to pro-
duce resonance with metal lithium electrodes to suppress the formation
of lithium dendrites. We propose resonance will suppress the formation
of lithium dendrites during during the charge process of Li batteries,
meanwhile, if the lithium dendrite has already been formed, we can also
break it by resonance. Otherwise the resonance could be controlled in
each direction by adjusting the frequency and velocity, thus changing
other properties of lithium. These methods can also help to study other
metal electrodes.
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Fig. 3. Conditions of resonance in [100], [110] and [111] direction. The solid lines represent the calculated value and the dotted lines represent the resonance
conditions. The black and red solid lines represent the longitudinal and transverse branch. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 3
The conditions of resonance with acoustic waves.
Direction Condition
[100]  Longitudinal branch (vibrate along [100] 505.18 <v <
direction) 977.09
Transverse branch (vibrate perpendicular to [100] 505.18 <vy <
direction) 793.26
[110] Longitudinal branch (vibrate along [110] 756.65 <v <
direction) 1192.15
Transverse branch (vibrate along [001] direction) 503.47 <v <
793.25
Transverse branch (vibrate along [1-10] direction) 256.03 <v <
403.39
[111] Longitudinal branch (vibrate along [111] 22854 <v <
direction) 1255.66
Transverse branch (vibrate perpendicular to [111] 291.70 <y <
direction) 564.13

The velocity v is in m/s.

(26.20, 8.91x10"%)

Frequency o (THz)
9]
1

(17.60, 5.91x10'%)

[111]

0 5 10 15 20 25 30
Wave vector ¢ (nm™)

Fig. 4. Conditions of resonance with acoustic wave in [111] direction, the
black, red and blue solid lines represent the longitudinal, transverse and
acoustic waves, respectively. The black and red solid point are the intersections
of curves which represent the conditions of resonance in longitudinal and
transverse branches. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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