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Abstract
A carbon-silver anode has recently been shown
to suppress dendrite formation in all-solid-state
lithium-ion batteries. The role that silver plays in
enabling the reversible deposition and stripping
of lithium remains unknown. Furthermore, very
little is known about the thermodynamic and ki-
netic properties of LixAg1−x alloys. Here we re-
port on an in-depth first-principles study of phase
stability and diffusion mechanisms in the Li–Ag
alloy system. We identify two new intermetallic
phases that are predicted to be stable in Li-rich
LixAg1−x alloys having stoichiometries of Li3Ag
and Li11Ag2. Our calculations also show that the
peculiar and highly anharmonic energy surface of
pure Li along the Bain and Burgers paths persists
upon addition of Ag to BCC Li. This has impor-
tant implications for room temperature phase sta-
bility and mechanical properties. We have also
performed a systematic study of diffusion mech-
anisms in the LixAg1−x alloy system as a func-
tion of alloy concentration x. Diffusion in alloys
and intermetallics is mediated by vacancies. High
vacancy formation energies are predicted in the
LixAg1−x alloy, especially in Ag-rich FCC solid so-
lutions. Complex diffusion mechanisms are iden-
tified in the B2 and γ-brass intermetallic phases
that include two-atom hops and second nearest
neighbor hops. The migration barriers are found
to decrease with increasing Li concentration, with
predictions of exceptionally low migration barri-
ers of 0.1 eV in the D03 Li3Ag phase.

1 Introduction
All-solid-state Li batteries promise significant in-
creases in energy density relative to commer-
cial Li-ion batteries.1 One potential advantage of
an all-solid-state battery over those that rely on
liquid electrolytes is that the structural rigidity
of a solid electrolyte should enable the replace-
ment of graphite anodes with more energy dense
lithium metal. Unfortunately, it has proven diffi-
cult to control the morphological evolution of the
lithium metal deposited at the anode current col-
lector during charging and discharging of solid-
state batteries.2–8 Dendrites that can penetrate
the ceramic electrolyte form during rapid lithium
plating, while stripping can result in the forma-
tion of voids and dead lithium. The pioneering
work of Lee et al.9 demonstrated the beneficial
role of a composite interlayer of silver and car-
bon in fostering the uniform plating and strip-
ping of lithium. While of tremendous promise,
Ag is costly and alternative strategies of control-
ling morphological evolution at the anode of solid
state batteries are desired. Nevertheless, the es-
tablishment of amechanistic understanding of the
precise roles that Ag and C and their composite
micro/nano structure play during lithium plating
and stripping will serve as an invaluable guide to
identifying alternative solutions to control mor-
phological evolution at the anode. But before this
is even possible, it is necessary to develop an un-
derstanding of the fundamental thermodynamic
and kinetic properties of the Li–Ag alloy system
since there is experimental evidence that Li reacts
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with Ag during deposition.10
Many basic properties of the Li–Ag alloy sys-

tem remain poorly characterized and understood.
The compositions and crystal structures of several
intermetallic phases in the lithium-silver binary
system are still unknown. The most recent phase
diagrams report a Ag-rich FCC solid solution, a
Li-rich BCC solid solution, and four intermetal-
lic phases consisting of the B2 LiAg phase and
three γ-brass phases that have structural similar-
ities with BCC.11 The stability range of the silver-
rich FCC solid solution varies widely between dif-
ferent reports as do the compositions of the γ
phases.11–14 Of these, the γ3 phase is the most
studied, having an ordering reported to be sim-
ilar to the slightly disordered Cu5Zn8.15,16 In the
experimental literature, its composition is most
commonly reported as Li9Ag4. The remaining
γ phases have proven difficult to synthesize and
characterize, and their stability has been called
into question by recent computational work.17,18
A further peculiarity is the phase transformation
from BCC-based B2 LiAg to an FCC-based UPb
structure reported by Pavlyuk et al.19
Even less is known about diffusion within the

solid solutions and ordered intermetallic phases
of the Li–Ag alloy system. Substitutional dif-
fusion in metallic alloys is generally mediated
by entropically stabilized vacancies, which are
present at very dilute concentrations.20–23 Diffu-
sion in intermetallic compounds can be especially
complex as individual hops can disrupt the ther-
modynamically preferred long-range order of the
compound.23–27 Multi-atom hop cycles that oc-
cur in rapid succession are a common mecha-
nism that preserves long-range order.24–26,28 Fur-
thermore, vacancies in intermetallic compounds
tend to prefer one sublattice over others, leading
to correlated diffusion.23,29
Additional ambiguities in the Li–Ag alloy sys-

tem arise from the peculiar energy surface of
pure lithium along transformation pathways be-
tween different crystal structures.30,31 For exam-
ple, the energy of lithium along the Bain and
Burgers paths, which connect BCC to FCC and
BCC to HCP, respectively, is unusually flat, ex-
hibiting an extreme form of anharmonicity.31,32
Furthermore, the energy of BCC lithium is pre-
dicted to differ from that of close-packed phases

such FCC, HCP, DHCP, and 9R lithium by less
than 1 meV/atom.30,31 The unusual anharmonic
energy surface of lithium at zero kelvin suggests
that the room temperature BCC crystal structure
is entropically stabilized, likely making its me-
chanical properties strongly dependent on tem-
perature. How alloying elements such as Ag affect
the anharmonic energy surface of pure lithium
remains unknown. The manner in which Ag af-
fects the lithium energy surface will have conse-
quences for themechanical properties of the alloy.
In this article, we report on an in-depth first-

principles study of phase stability and diffusion
in the lithium-silver binary system. We system-
atically enumerate different Li–Ag arrangements
over the sites of the family of γ-brass phases and
identify a new ground state with a stoichiometry
of Li11Ag2 that coincides with the composition of
γ1 reported in the literature. We calculate the en-
ergy surface of Li–Ag alloys along Bain and Burg-
ers paths and find that Li-rich alloys exhibit a high
degree of anharmonicity, with the BCC, FCC, and
HCP crystal structures remaining highly degener-
ate up to a Ag atom fraction of 0.25. Using a first-
principles statistical mechanics approach that re-
lies on cluster expansion surrogate models and
Monte Carlo simulations, we calculate the room-
temperature equilibrium voltage curve. We also
perform a systematic study of migration barriers
in the different phases of the Li–Ag binary sys-
tem, accounting for the effects of solid solution
and anti-site disorder.
While diffusion barriers are low throughout this

system, vacancy formation energies are large and
positive, especially in FCC-based phases. Unusual
hop mechanisms are predicted in the B2 LiAg
phase, including a 2-atom hop mechanism that
is essential to mediate the migration of Li to the
Ag sublattice. Exceptionally low migration barri-
ers are predicted in the Li-rich phases, with barri-
ers as low as 0.1 eV. Our comprehensive study of
migration barriers suggests that diffusion in the
Ag-rich FCC solid solution is significantly slower
than in the Li-rich γ and BCC phases, which has
important consequences when Li reacts with Ag.
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2 Methods
We used density functional theory (DFT) within
the PBE approximation as implemented in the Vi-
enna Ab-initio Simulation Package (VASP) to op-
timize structures and to calculate formation en-
ergies and diffusion barriers in the lithium-silver
system.33–36 All calculations were performed with
the Lisv and Ag PAW pseudopotentials provided
with VASP.37 These pseudopotentials treat the Li
1s and 2s and theAg 4d and 5s electrons as valence
electrons. We optimized lattice parameters and
atomic positions in all structures with an energy
cutoff of 650 eV and a Γ-centered k-point mesh
with minimum spacing 2π/64 Å−1 in order to get
a converged accuracy of 1meV/atom. Relaxations
were performed with Gaussian smearing with a
smearing width of 0.02 eV and final energy cal-
culations were performed with the tetrahedron
method with Blöchl corrections.37 The stopping
criteria for geometric optimization was 10−5 eV
for the electronic steps and 0.02 eV/Å for the
forces during the ionic steps.
In order to calculate energy barriers for diffu-

sion, we performed nudged elastic band (NEB)
calculations with 5 images using the climbing
image method as implemented in the Transition
State Theory Tools for VASP (VTST-Tools).38,39
We used the LBFGS optimizer as implemented in
VTST-Toolswith an energy criteria of 10−5 eV and
a force criteria of 0.02 eV/Å as well as a reduced
plane-wave energy cutoff of 500 eV. We created a
108 atom supercell for FCC Ag, a 144 atom super-
cell for FCC Ag3Li and UPb LiAg, a 128 atom su-
percell for B2 LiAg and BCC Li3Ag, and a 52 atom
supercell for γ3-Li8Ag5 and γ1-Li11Ag2. All NEB
calculations were performed at constant volume.
Large numbers of symmetrically distinct Li–Ag

orderings over the sites of the BCC, FCC, HCP
and γ3 parent crystal structures were generated
with the Clusters Approach to Statistical Mechan-
ics (CASM) code.40–43 CASM was also used to
construct cluster expansion Hamiltonians for the
configurational energies of the BCC, FCC, HCP,
and γ3 parent crystals using first-principles train-
ing data and to perform Monte Carlo simula-
tions for the purpose of calculating free energies
and chemical potentials.44 Symmetrically distinct
hops and and hop environments for NEB calcula-

tions were also enumerated with CASM.40,44

3 Phase stability in the LixAg1−x

alloy

3.1 Zero kelvin stability
The experimental phase diagram of the LixAg1−x

alloy has a Ag-rich FCC solid solution that ex-
tends to approximately x = 0.4, a BCC-based B2
LiAg intermetallic compound, and three lithium-
rich intermetallic phases labeled γ1, γ2, and
γ3.11–14 The three γ phases belong to a family
of intermetallic compounds known as γ-brass.
The prototypical γ-brass, Cu5Zn8, can be viewed
as a superlattice ordering of the sites of the BCC
lattice in which one out of every 27 sites contains
a structural vacancy. This prototype has been re-
ported in many alloys, including Ag-Zn, Au-Zn,
and Fe-Al.45,46 The crystal structure of γ3-Li8Ag5
is well characterized and has the same atomic or-
dering as Cu5Zn8.15,16 However, the crystal struc-
tures and Li–Ag orderings of the γ1 and γ2 phases
are not known, and uncertainties remain about
the composition intervals in which these inter-
metallics are stable.
To further elucidate phase stability in the

LixAg1−x alloy system, we extend the analysis
of Xie et al.18 and Braga et al.17 by performing a
large number of DFT-PBE calculations of system-
atically enumerated Li–Ag orderings over differ-
ent parent crystal structures, including FCC, BCC,
HCP, and γ-brass structures. Details of the differ-
ent structures and chemical orderings considered
in this work are described in the Supporting In-
formation.
Figure 1 shows the formation energies as cal-

culated with DFT-PBE of all the structures con-
sidered in this study. The formation energies of
FCC, BCC, and γ-brass structures are shown in
purple, green, and orange, respectively. Forma-
tion energies of structures that contain structural
vacancies but that are not derived from γ-brass
are shown as red triangles. Consistent with past
work of Xie et al.18 and Braga et al.,17 FCC order-
ings are stable up to x = 0.4 and the B2 LiAg
ordering on BCC is the ground state at x = 0.5.
On the lithium-rich side, many structures derived

3



0 0.25 0.5 0.75 1
Composition x in LixAg1 x

250

200

150

100

50

0

50

Fo
rm

at
io

n 
E

ne
rg

y 
(m

eV
/a

to
m

)

FCC

B2 3

1

HCP
BCC

FCC
-brass

Figure 1: The DFT formation energies of different
Li–Ag orderings over the sites of the FCC (pur-
ple), BCC (green), HCP (gray), and γ (orange) par-
ent crystal structures. Red triangles denote γ-like
structures collected from DFT databases or gen-
erated by tiling local γ1 and γ3 motifs on a Li-rich
BCC parent structure.

from γ-brass by enumerating anti-site defects on
the Li and Ag sublattices are close to the convex
hull. The γ3-Li8Ag5 structure at x = 0.62 is found
to be a global ground state. Another brass-derived
structure, with a stoichiometry of Li11Ag2, is pre-
dicted to be a global ground state at x = 0.85. We
tentatively refer to this latter ground state as γ1-
Li11Ag2 since its composition coincides with the
composition at which γ1 is reported to exist in the
experimental phase diagram.11 This structure was
missed in the studies of Xie et al.18 and Braga et
al.,17 but can be found in the recently published
GNoME structure search database.47 We indepen-
dently discovered this structure via enumeration
of anti-site defects on γ3. None of the γ structures
originally proposed by Freeth and Raynor12 lie on
the convex hull.
Surprisingly, HCP-based phases, whose forma-

tion energies are shown in gray, are predicted to
be ground states in the vicinity of x = 0.75. This
becomes more evident in Figure 2, which shows
the convex hull in the vicinity of x = 0.75. While
the γ3 and γ1 phases are global ground states,
there are three Li–Ag configurations on the HCP
parent crystal that reside on the convex hull in the
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Figure 2: The convex hull and stable phases in the
region around x = 0.75. At x = 0.75, the BCC
D03 ordering and its strained FCC variant (D022)
are degenerate in energy as shown in the inset.
The HCP variant is roughly 3 meV/atom lower.

vicinity of x = 0.75. This composition coincides
with that of γ2, an intermetallic whose structure
has not been characterized. There is no exper-
imental evidence for an HCP based Li3Ag com-
pound, and we revisit the predicted stability of
HCP in the next section.
Figure 1 shows that there are many structures

with formation energies close to the convex hull.
The B2 LiAg ground state is able to tolerate anti-
site defects, as manifested by the large number of
configurations having anti-site disorder with for-
mation energies on or very close to the convex
hull around x = 0.5. It is common for B2 inter-
metallic compounds to also host high concentra-
tions of vacancies, as in B2 NiAl.28,48 However, as
detailed in Section 4, DFT calculations performed
on large supercells of B2 LiAg containing vacan-
cies predict formation energies that arewell above
the convex hull.
Figure 3 shows the crystal structures of four

compounds that are either ground states or nearly
degenerate with ground states. Ag3Li has the
FCC-based D022 structure shown in Figure 3a and
is the ground state at x = 0.25. Closely related
to D022 is LiAg with the UPb ordering shown in
Figure 3b. Both orderings share the same super-
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Figure 3: Intermetallic phases in the lithium-silver
system calculated with DFT. Orange atoms are
lithium and blue are silver. The FCC D022 phase
(a) is stable at x = 0.25 and the BCC B2 phase
(b) is stable at x = 0.5. The FCC UPb phase (c) is
metastable at x = 0.5 with respect to B2 and the
BCC D03 (d) phase is metastable at x = 0.75 with
respect to HCP.

lattice, differing only in the occupancy of one of
the sublattices. The UPb structure can be derived
from D022 Ag3Li by replacing one out three of
the Ag by Li. The resulting equiatomic LiAg UPb
structure is predicted to be only 0.8 meV/atom
higher in energy than the B2 LiAg ground state
shown in Figure 3c. The UPb form of LiAg was
discovered by Pavlyuk et al.19 when they studied
the evolution of a B2 LiAg sample and found that
it spontaneously transformed to theUPb structure
in a matter of hours. Also shown in Figure 3d is
Li3Ag in the BCC-based D03 structure. This struc-
ture has a formation energy that is slightly higher
than the HCP ground state structure at x = 0.75.
The γ3 and γ1 ground states are shown in Figure

4. They are very similar to each other in that they
are both a particular Li–Ag ordering over the sites
of the BCC lattice and have an identical supercell.
The supercell is determined by the periodicity of
structural vacancies, which are present at a con-
centration of 1/27. Figure 4a shows the Li–Ag-
vacancy ordering of γ3 on an ideal BCC lattice,
while Figure 4b shows the structure after atoms
in the vicinity of the vacancies undergo signifi-
cant relaxations. A vacancy in the BCC lattice is
surrounded by eight nearest neighbor sites that
form a cube. In the γ3 structure, four of the eight
sites are occupied by Ag and four are occupied
by Li, forming two interpenetrating tetrahedra as
shown in Figure 4c. The Li tetrahedron contracts
towards the vacancy while the Ag tetrahedron ex-
pands, resulting in a highly distorted local envi-
ronment in the immediate vicinity of the vacancy.
The second nearest neighbor shell of the vacancy,
which forms an octahedron, is filled by Ag atoms.
The γ1 structure can be generated from γ3 by

simply replacing the silver in the second nearest
neighbor shell of the vacancy by lithium atoms.
In summary, our analysis of zero kelvin phase

stability confirms the stability of FCC, B2 and γ3.
It furthermore leads to the prediction of a stable
phase at x = 0.85 that is derived from γ3 and that
we refer to as γ1. Surprisingly, HCP based phases
are stable at compositions in which a γ2 phase
is reported in the experimental literature.11–14 To
further shed light on phase stability at lithium-
rich compositions, we explore energy surfaces of
low energy BCC orderings along the Bain and
Burgers paths, which connect BCC to FCC and
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Figure 4: The structure of the lithium-rich γ inter-
metallic phases. Orange atoms are lithium, blue
are silver, and white are structural vacancies. Part
(a) shows the γ3-Li8Ag5 ordering projected onto
an ideal BCC crystal. Part (b) shows the relaxed
γ3 structure with the tetrahedron of silver around
the structural vacancy highlighted. Parts (c) and
(d) show the tetrahedral and octahedral shells of
γ3 and γ1-Li11Ag2, respectively.

HCP, respectively. This is motivated by past pre-
dictions of very flat energy surfaces for pure Li
along the Bain and Burgers paths.31

3.2 Energy along structural trans-
formation paths

The zero kelvin energy surface of lithium metal
is highly unusual. The energies of lithium in
the BCC structure and in close-packed structures,
such as FCC, HCP, DHCP, and 9R, are essentially
degenerate, differing by less than 1–2 meV/atom
from each other.30 Furthermore, the barriers along
pathways that connect BCC to any of the close-
packed phases are almost nonexistent and do not
exceed more than 1–2 meV/atom.31 These en-
ergy differences are within the numerical accu-
racy of DFT total energy calculations. The very
flat energy landscape of lithium implies that an-
harmonic vibrational excitations are essential in
stabilizing the room temperature BCC phase. Fur-
thermore, it likely has fundamental implications
about elastic and plastic deformationmechanisms
of lithium.
Two important pathways that connect BCC to

close-packed structures are the Bain path, which
transforms BCC into FCC by a tetragonal elonga-
tion, and the Burgers path, which transforms BCC
into HCP by combining a tetragonal compression
with an atomic shuffle. The Bain and Burgers
paths can be described with the same symmetry-
adapted tetragonal strain order parameter defined
according to e3 = 1/

√
6(2Ezz − Exx − Eyy).31,49

The Cartesian strains in this definition measure
deformations relative to a BCC structure with its
cubic unit cell vectors aligned along the Cartesian
axes. A positive e3 takes BCC to FCC, while a neg-
ative e3 coupled with an internal shuffle converts
BCC to HCP.31,49 The dark yellow curve in Figure
5a labeled Li is the energy of lithium metal as a
function of e3 (without accounting for the shuffle
of the Burgers path) and clearly reveals the un-
usual flatness of the lithium energy surface.
Figure 5a shows that the addition of Ag to Li

modifies the energy surface slightly along the
Bain path, but it is only at the equiatomic com-
position in the B2 ordering that BCC becomes a
clear and robust minimum as a function of e3. For
the silver-rich phases in Figure 5b, the FCC struc-
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Figure 5: Energy surfaces for lithium-rich (a) and
silver-rich (b) phases with respect to BCC upon
application of tetragonal e3 strain in the absence
of atomic shuffles. The lithium-rich energy sur-
faces are quite flat along the Bain path, while
the silver-rich energy surfaces show an increas-
ing preference for FCC as the silver concentration
is increased. The B2 LiAg ordering (gray) is only
stable for e3 = 0.

ture is stabilized at positive e3 strain, and the min-
imum becomes deeper relative to BCC as the con-
centration of Ag increases, with the deepest well
occurring for pure Ag. This is consistent with the
predictions of the previous section, which showed
that FCC LixAg1−x is the stable phase for x ≤ 0.4.
The main uncertainties in the Li–Ag phase di-

agram are at lithium-rich concentrations. Our
analysis of zero kelvin phase stability (Section 3.1)
led to the surprising prediction that orderings of
Li and Ag over the sites of the HCP parent crys-
tal structure are stable around x = 0.75. Figure
6a shows the energy of the BCC-based D03 Li3Ag
compound along both the Bain and the Burgers
paths. Straining D03 along the Bain path gener-
ates the D022 structure of Li3Ag, an ordering on
the the FCC lattice, while deforming it along the
Burgers path generates an HCP structure with the
ordering shown in Figure 6b. The energies of D03
and D022 are essentially equal, while the energy
of the HCP phase that forms upon application of
the Burgers path to D03 Li3Ag is 2.8 meV/atom
lower than that of D03.
Although an ordering on HCP of Li3Ag is pre-

dicted to be a global ground state at zero kelvin, it
is clear in Figure 6 that its energy is only slightly
below that of D03 Li3Ag and that the energy along
the Burgers and Bain paths is very flat as is seen
in pure lithium. Taken together, the energy sur-
faces of Figures 5 and 6 reveal an unusual am-
bivalence for BCC, FCC, and HCP, with negli-
gible barriers along the Bain and Burgers paths
in lithium-rich LixAg1−x alloys. This raises fun-
damental questions about the true nature of the
room temperature phase of lithium rich LixAg1−x.
Vibrational excitations tend to favor BCC over
close-packed structures at elevated temperature
due to the more open crystal structure of BCC.
Hence, similar to lithium, anharmonic vibrations
will likely play an essential role in stabilizing the
room temperature phase.
The energy surfaces along the Bain and Burgers

paths are also highly unusual at the stoichiomet-
ric LiAg composition. The B2 form of LiAg favors
the BCC structure and has no localminima at non-
zero e3 strains along the Bain and Burgers paths
as shown by the green line in Figure 7. However,
as pointed out in the previous section, there is a
second, metastable ordering at the same compo-
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Figure 6: Strain surface at x = 0.75 for the D03
ordering. Applying a positive e3 strain along the
Bain path results in the FCC D022 structure, while
applying a negative strain and shuffle along the
Burgers path results in anHCP structure. The dot-
ted line represents a purely strain-based deforma-
tion along negative e3 with no atomic shuffle.

sition that favors the FCC UPb structure and that
has also been observed experimentally.19 The en-
ergy of this ordering as a function of e3 is shown
by the purple line in Figure 7. This ordering, when
transformed to BCC along the Bain path, adopts
the Zintl B32 ordering on BCC, which is also seen
in LiAl, LiGa, and LiZn.32
The B32 Zintl form of LiAg at e3 = 0 is unstable

in the BCC structure, but exhibits localminima for
non-zero e3 coinciding with FCC and HCP. The
HCP to B32 transition was previously identified
by Kolli et al.50 The FCC state, having the UPb
ordering, is only 0.8 meV/atom above that of B2
LiAg. Hence, the two phases are almost degener-
ate in energy: one in the BCC phase, the other in
the FCC phase.

3.3 Voltage curves
We next investigate phase stability at finite tem-
perature and in particular focus on room temper-
ature electrochemical properties. Free energies at
elevated temperatures have a sizable contribution
from the entropy that arises from thermal excita-
tions at the atomic scale. An important source of
entropy in alloys arises from configurational de-
grees of freedom due to themany possible ways of
arranging atoms over the sites of different parent
crystal structures. These can be accounted for by
using cluster expansion surrogate models41,51,52 to
describe the dependence of the energy on chemi-
cal ordering, thereby enabling a rigorous calcula-
tion of configurational entropy usingMonte Carlo
simulations.53
Cluster expansions were constructed for the

FCC and BCC parent crystal structures by fitting
interaction coefficients to the large dataset of for-
mation energies shown in Figure 1. A cluster ex-
pansion was also constructed for a parent crystal
structure based on the γ3 phase by allowing for Li
occupancy on the Ag sublattice of γ3. The cluster
expansions were used in Monte Carlo simulations
to calculate thermodynamic properties, including
free energies and chemical potentials. Based on
experimental studies of the Li–Ag system, we did
not consider HCP structures and we suppressed
the FCC phase above x = 0.5.
Figure 8 shows the calculated voltage curve at

room temperature (300 K) derived from the free
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Figure 8: Calculated equilibrium voltage curve at
300 K considering the BCC, FCC, and γ parent
crystal structures. The voltage curve shows an
FCC solid solution up to x = 0.46 with some or-
dering around x = 0.25 followed by strongly or-
dered intermetallic phases corresponding to B2,
γ3, D03 Li3Ag, and γ1.

energies of the FCC, BCC, and γ3 parent crys-
tal structures. A sloping voltage profile signifies
a disordered solid solution, while an abrupt step
occurs at compositions at which an ordered com-
pound is stable. Plateaus in a voltage profile cor-
respond to two-phase regions where the chemical
potentials are constant.53 The FCC phase is sta-
ble below x = 0.46 as shown by the purple re-
gion in Figure 8. With the exception of a small
step at x = 0.25, which arises from the stabil-
ity of the D022 LiAg3 ordered phase shown in Fig-
ure 3a, the FCC phase forms a solid solution. The
sharp step at x = 0.5, shown in green, is due
to the B2 LiAg compound, which tolerates a lim-
ited degree of off-stoichiometry due to anti-site
defects. Above x = 0.6, the γ3 phase becomes sta-
ble and is capable of accommodating an excess of
lithium through the substitution of Ag atoms by
Li in the stoichiometric Li8Ag5 compound. The
step at x = 0.75, shown in orange, is due to the
D03 Li3Ag compound, which is separated by two
plateaus from γ3 and γ1. The γ1 phase appears as
the small orange step at x = 11/13.
In calculating the room-temperature voltage

curve, we have neglected contributions to the free
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energy from vibrational excitations. The very flat
energy surfaces along the Bain and Burgers paths
of low energy orderings in the LixAg1−x alloy
at lithium rich compositions indicate that vibra-
tional excitations play a crucial role in stabiliz-
ing the room temperature phases observed exper-
imentally. Unfortunately, the high degree of an-
harmonicity at lithium rich concentrations pre-
cludes the use of phonon theories such as the
quasi-harmonic approximation to calculate the vi-
brational free energy. Instead, statistical mechan-
ics approaches that explicitly account for anhar-
monicity will be necessary to determine the room
temperature crystal structure of Li-rich LixAg1−x

alloys and their thermodynamic properties.42,54–62
This is beyond the scope of this study, but includ-
ing anharmonic vibrational excitations may re-
solve the ambiguity around x = 0.75 and the un-
expected stability of theHCP phases at zero kelvin
by stabilizing the BCC form of Li3Ag at elevated
temperatures in a manner similar to the stabiliza-
tion of BCC Li.

4 Diffusion in LixAg1−x

Substitutional diffusion in FCC and BCC alloys
is generally mediated by vacancies.20,21,23,27,29 It
therefore depends not only on the migration bar-
riers of individual hops, but also on the equilib-
rium vacancy concentration. The migration bar-
rier and equilibrium vacancy concentration tends
to depend on the alloy concentration and can be
sensitive to varying degrees of short- and long-
range order among the constituents.22,23,27,28,63
In most substitutional alloys, vacancies are en-

tropically stabilized, having a positive formation
energy. There is some ambiguity as to defining
a vacancy formation energy in an alloy since the
site that is made vacant can be occupied by any of
the constituents of the alloy.22 A vacancy forma-
tion energy within the grand canonical ensemble
can be defined according to

∆Ω = E(NVa = 1)− E(NVa = 0)

−∆NLiµLi −∆NAgµAg
(1)

where E(NVa = 1) is the energy of a large super
cell containing a vacancy in an ordered or disor-
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Figure 9: Part (a) shows vacancy formation energy
at 300 K for single vacancies in BCC, FCC, and γ
phases. Part (b) shows all calculated KRA barri-
ers vs. composition. Points are colored by parent
crystal structure. Shapes in (a) represent the type
of vacancy, while shapes in (b) represent the atom
which is hopping.
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der configuration andE(NVa = 0) is the energy of
the same super cell without a vacancy. The∆NLi

and ∆NAg are the changes in the number of Li
and Ag atoms upon introducing a vacancy into
the supercell while µLi and µAg , are the chemical
potentials of the Li and Ag within the alloy. The
chemical potentials can be extracted from the free
energy of the alloy as for example calculated with
Monte Carlo simulations (Section 3.3).
Figure 9a shows formation energies as calcu-

lated according to Eq. 1 for different concentra-
tions x in LixAg1−x in the FCC, BCC and γ phases.
The vacancy formation energies are predicted to
be especially large in the silver rich FCC phase,
having values in the range of 0.8 eV. In pure Ag,
for example, the vacancy formation energy is pre-
dicted to be ∆Ω = 0.74 eV. This value leads to
an equilibrium vacancy concentration of xVa ≈
10−13 at a temperature of T = 300 kelvin, as es-
timated using xVa = e−∆Ω/kBT (kB is the Boltz-
mann constant).64 While contributions to the va-
cancy formation free energy from vibrational ex-
citations have been neglected in this estimate,
these are not expected to modify the exception-
ally low vacancy concentration by more than an
order of magnitude.65
Of particular note in Figure 9a is the large dif-

ference in vacancy formation energies between
FCC-based and BCC-based structures. Further-
more, for the well-ordered intermetallic phases,
the vacancy formation energy depends strongly
on the sublattice onwhich it is introduced. For ex-
ample, the cost of introducing a vacancy on theAg
sublattice in B2 LiAg is substantially smaller than
that of introducing a vacancy on the Li sublattice.
The lowest vacancy formation energies occur in
the BCC based D03 Li3Ag compound at x = 0.75,
where the formation energy to create a vacancy
on the Li sublattice is slightly larger than 0.3 eV.
Figure 9b collects kinetically resolved activa-

tion (KRA) barriers in the FCC, BCC and γ struc-
tures for different alloy compositions and Li–Ag
orderings. The KRA for a hop41,66 is calculated
as the peak energy along the migration path mi-
nus the average of the end state energies and is
thereby independent of the direction of a hop. Fig-
ure 9b shows that the migration barriers tend to
decrease with increasing Li concentration, with
the γ3, D03 Li3Ag and γ1 compounds having hops

with very low migration barriers. The steady re-
duction in the migration barriers and in the va-
cancy formation energies with increasing Li con-
centration indicates that Li-rich alloys will have
higher diffusion coefficients than Ag-rich alloys.
The hop mechanisms in the various intermetallic
compounds of the Li–Ag binary are complex and
are described in more detail in the following sec-
tions.

4.1 Elementary migration barriers
in FCC LixAg1−x

The energy barriers for nearest neighbor silver
and lithium hops are relatively low in FCC silver.
Figure 10 shows the energy as a Li or a Ag atom
migrates into a neighboring vacancy as calculated
with DFT-PBE using the NEB method. The mi-
gration barrier of a dilute Li solute into a vacancy
within its nearest neighbor shell in an otherwise
pure Ag supercell is predicted to be approximately
0.25 eV. Themigration barrier for a Ag hop in pure
Ag, in contrast, is predicted to be twice as large
with a value of approximately 0.5 eV. These bar-
riers are low when compared to other FCC alloys
such as Al1−xLix and Ni1−xAlx.23,29 The barriers
for second nearest neighbor hops are significantly
higher, ranging between 1.5 eV and 2.5 eV and in-
dicate that second nearest neighbor hops in FCC
Ag are negligible.
While the tracer diffusion coefficients of the

constituents of a concentrated alloy must be cal-
culated with numerical approaches such as ki-
netic Monte Carlo,21,23,29,67–69 it is possible to cal-
culate diffusion coefficients analytically in the di-
lute limit.20 The tracer diffusion coefficient of Li
in FCC Ag, for example, can be calculated with

D∗ = xV agr
2fν∗e−∆EB/kBT (2)

where g is a geometric factor that is equal to 2
for FCC, f = 0.78 is the correlation factor for
FCC,70 xV a is the equilibrium vacancy concentra-
tion (which we estimate is on the order of 10−13),
r = 2.93 × 10−8 cm is the hop distance, ∆EB is
the migration barrier, kB is the Boltzmann con-
stant, and T is the temperature. At room tem-
perature, this expression predicts a Li tracer dif-
fusion coefficient of 10−20 cm2/s when using the

11



calculated Li migration barrier and vacancy for-
mation energy in FCC Ag and an upper bound for
the vibrational prefactor, ν∗ = 1013 Hz. This is
an exceedingly low diffusion coefficient and indi-
cates that the formation of an FCC LixAg1−x solid
solution through interdiffusion when pure Ag is
electrochemically alloyed with Li will occur very
slowly at room temperature.
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Figure 10: KRA barriers for nearest and second
nearestneighbor hops in FCC Ag. Ag hop barriers
are larger than corresponding Li hop barriers, and
second nearest neighbor barriers are much larger
than nearest neighbor barriers.

4.2 Diffusion mechanisms in B2
LixAg1−x

The B2 structure of LiAg is a superlattice ordering
on the BCC parent crystal structure.71 The cubic
unit cell consists of a cubic Li sublattice and a cu-
bic Ag sublattice. In perfectly ordered B2 LiAg,
each Li site is surrounded by eight Ag atoms, and
vice versa. When a Li or Ag atom performs a
nearest neighbor hop, it migrates from one sublat-
tice to the other sublattice, and in the process in-
creases the number of point defects.28 A Ag atom
of B2 LiAg that performs a nearest neighbor hop
into a vacancy on the Li sublattice, for example,
goes from an initial state consisting of one va-
cancy on the Li sublattice to a final state contain-
ing a Ag anti-site defect on the Li sublattice and
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Figure 11: NEB paths for nearest neighbor (a)
and second nearest neighbor (b) hops in B2 LiAg.
Nearest neighbor Ag hops are stable (A), while
nearest neighbor Li hops require a 2-atom hop
mechanism (B, C). Part (c) shows KRA barriers vs.
vacancy displacement distance. Prototype hops
without additional defects are labeled.
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a vacancy on the Ag sublattice. Hence, diffusion
in B2 that relies on nearest neighbor hops neces-
sarily results in an increase in the degree of dis-
order, thereby disrupting thermodynamically fa-
vored long-range order.
The B2 LiAg compound exhibits unique hop

mechanisms and barriers. For example, our DFT
calculations predict that a nearest neighbor Li hop
into a vacancy on the Ag sublattice is unstable. A
Li atom that is moved from the Li sublattice to a
nearest neighbor Ag vacancy is predicted to spon-
taneously relax back to its initial state on the Li
sublattice. In contrast, a Ag nearest neighbor hop
is not only possible, but leads to a lowering of the
energy of the crystal, as is evident in Figure 11a,
where the end state of the Ag nearest neighbor
hop is lower than that of the initial state. This
indicates that a Ag anti-site defect next to a va-
cancy on the Ag sublattice is energetically pre-
ferred over a lone vacancy on the Li sublattice.
While a nearest neighbor Li hop from the Li sub-

lattice to the Ag sublattice is predicted to be un-
stable, a Li can still migrate to theAg sublattice if a
second atom follows in its wake to fill the vacancy
left by the first Li, as illustrated in Figure 11a. The
energy barrier for this 2-atom hop is lower if the
second atom is also Li (Figure 11a). The end states
then have the same energy since the total number
of Li anti-site defects is preserved. The Li and Ag
of B2 LiAg are also able to perform second near-
est neighbor hops. Second nearest neighbor hops
in the B2 structure keep the migrating atom on
the same sublattice and therefore preserve long-
range order. The energy barriers for second near-
est neighbor lithium and silver hops without anti-
site defects (Figure 11b) are about a third of the
size of those in FCC silver (Figure 10). This is be-
cause the BCC crystal structure is more open than
the close-packed FCC crystal structure.
The barriers for Li and Ag hops in B2 LiAg

shown in Figure 11a and 11b are calculated with
the minimum number of defects. However, the B2
form of LiAg can tolerate anti-site defects, which
can affect migration barriers due to local changes
in the degree of ordering among Li and Ag.
Figure 11c shows KRA barriers for 22 different

states containing anti-site and vacancy point de-
fects in the background B2 ordering. Different de-
grees of anti-site disorder around a migrating Li

or Ag does affect migration barriers, as is evident
by the spread in KRA values for each hop type,
but the spread is narrow. Figure 11c indicates that
nearest neighbor Ag hops have the lowest barrier
of approximately 0.25 eV, while Li second near-
est neighbor hops and two-atom hops have KRA
barriers that are slightly higher, averaging around
0.4 eV and 0.3 eV, respectively. The KRA barriers
suggest that both Li and Ag should be mobile at
room temperature, provided that there is a suffi-
cient number of vacancies to mediate diffusion.

4.3 Migration barriers in γ3 and γ1

The γ3 crystal structure is significantlymore com-
plex than the FCC and BCC intermetallic com-
pounds, consisting of many symmetrically dis-
tinct hop types. As described in Section 3.1, the
γ3 phase can be viewed as a particular Li–Ag or-
dering over the sites of a BCC parent lattice that
contains a periodic array of structural vacancies.
In contrast to B2 LiAg, each Li site of the γ3 Li8Ag5
phase is connected to other Li sites by nearest
neighbor hops. Figure 12a shows each symmet-
rically distinct hop in γ3. For ease of viewing,
the γ3 ordering has been projected onto an ideal
BCC crystal lattice. Due to structural relaxations
as a result of the Li–Ag ordering and the pres-
ence of structural vacancies, there is some vari-
ability in the length of each symmetrically dis-
tinct hop. Figure 12b collects the KRA barriers for
each symmetrically distinct hop in γ3. The hops
with shorter lengths, labeled A, B, C, D, F, H, and
J correspond to nearest neighbor hops in the ideal
BCC lattice, while E, G, and I are second nearest
neighbor hops. The migration barriers for near-
est neighbor Li are very low, ranging between 0.1
and 0.2 eV. The Ag migration barriers are slightly
higher, but do not exceed 0.45 eV. As in B2, lithium
nearest neighbor hops onto the silver sublattice
can also be performed as a 2-atom hop.
Because the structural vacancy of γ3 is very sta-

ble, any hop into it originating from its nearest
neighbor shell (A, J) is predicted to be unstable.
Second nearest neighbor hops originating from
the octahedron of sites coordinating the structural
vacancy, however, are possible. The second near-
est neighbor shell of the structural vacancy in γ3 is
exclusively filled by Ag. The migration barrier for
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Figure 12: KRA barriers for γ3 (b) and γ1 (c). The
hop sites are labeled in (a). Orange (blue) circles
indicate that a Li (Ag) atom is making the hop.
Open circles that the hop requires an anti-site de-
fect.

a Ag hop into the structural vacancy by means of
a second nearest neighbor hop is 1.01 eV, and the
migration barrier of an anti-site Li atom into the
structural vacancy is 0.74 eV. These high barriers
for hops into the structural vacancy suggest that
the structural vacancy is not very mobile and will
remain in place, with Li and Ag diffusing through
the crystal by exchanging with thermally induced
excess vacancies on the Li and Ag sublattices.
Similar migration barriers are predicted for Li

and Ag hops in the related γ1 phases. These are
summarized in Figure 12c

4.4 Migration barriers in D03 Li3Ag
Similar to B2 LiAg, the D03 Li3Ag crystal struc-
ture is a superlattice ordering of Li and Ag over
the sites of the BCC lattice. Each Li site in D03
is connected to other Li sites by nearest neigh-
bor hops. The Ag atoms, in contrast, are isolated
and are surrounded by eight Li in their nearest
neighbor shell. Li hops can therefore occur with-
out altering long-range order, while Ag nearest
neighbor hops necessarily introduce anti-site de-
fects. Figure 13 shows KRA barriers for Li and Ag
in D03 Li3Ag. The KRA for a Li nearest neigh-
bor hop which preserves the D03 ordering (A) is
remarkably small, with a value of under 0.05 eV.
A similar low barrier was predicted for Li near-
est neighbor hops in Li3Sb, which is also stable in
the D03 structure.72 Our DFT calculations predict
that a Li nearest neighbor hop into a vacancy on
the Ag sublattice is unstable, but that a Ag can
perform a nearest neighbor hop onto the Li sub-
lattice (hop B) with a barrier of 0.27 eV. As in B2
LiAg, Li can only perform a nearest neighbor hop
onto the Ag sublattice through a two-atom hop
mechanism. The energy barrier for a 2-atom hop
involving two Li atoms is 0.15 eV.

5 Discussion
Lee et al.9 demonstrated that a Ag–C compos-
ite inter layer, placed between the current col-
lector and solid electrolyte of an all-solid-state
battery, plays a beneficial role in controlling the
morphology of lithium metal. This has spurred
followup studies to determine how Ag interacts
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Figure 13: Nearest and second nearest neighbor
hops in D03 Li3Ag. Orange (blue) circles indicate
that a Li (Ag) atom ismaking the hop. Type B hops
are unstable when Li attempts a hop into a vacant
Ag site, but it can be realized with a 2-atom hop.
Inset shows the Li3Ag (011) plane.

with Li as Li plates and strips at the anode.10
The thermodynamic and kinetic properties of
the Li–Ag alloy system must be established be-
fore a mechanistic understanding of the role of
Ag on lithium plating can be developed. The
Li-rich portion of the Li–Ag binary phase dia-
gram remains poorly characterized, with reports
of the existence of several γ-brass-like intermetal-
lic compounds whose crystal structures and sto-
ichiometries remain unknown.11–13 Furthermore,
almost nothing is known about the mechanisms
of lithium and silver diffusion within the various
phases of the Li–Ag system. Our first-principles
study of the Li–Ag alloy system builds on the pre-
vious work of Bragga et al.17 and Xie et al.18 and
provides new insights about phase stability and
diffusion mechanisms.
New findings in this work include the predic-

tion of an intermetallic ground state having a sto-
ichiometry of Li11Ag2, similar to that of the exper-
imentally reported γ1 phase, and an HCP ground
state with a stoichiometry of Li3Ag. The struc-
ture of the Li11Ag2 ground state can be derived
from the γ3 brass structure by simply replacing
the octahedron of Ag surrounding the structural
vacancy of γ3 by lithium. The prediction of HCP

based Li–Ag orderings on the global convex hull
is surprising since there is no experimental evi-
dence for the existence of HCP phases in the Li–
Ag binary system. The predicted ground state
structures of this work can serve as models to fit
and refine diffraction patterns obtained for differ-
ent lithium-rich compositions such as those gath-
ered via in-situ diffraction during electrochemical
lithiation of silver by Jin et al.73
Our study has shown that the uncharacteristi-

cally flat energy surface of pure Li along the Bain
and Burgers paths31 persists upon the addition of
Ag to Li. This has relevance in clarifying the ab-
sence of any experimental evidence for the HCP
crystal structure in the Li–Ag binary system at
room temperature, in spite of the fact that the pre-
dicted Li3Ag ground state is an ordering on HCP.
We have shown that the HCP Li3Ag ground state
is connected to D03 Li3Ag (an ordering on BCC)
through the Burgers path. The HCP ground state
is only marginally more stable than its D03 coun-
terpart on the BCC parent crystal, with the en-
ergy of the D03 ordering when deformed along
the Burgers and Bain paths being almost as flat
as that of pure Li. The extreme form of anhar-
monicity, as manifested by this high degree of de-
generacy of Li-rich LixAg1−x alloys, indicates that
phonon theories are not applicable and statistical
mechanics treatments of vibrational excitations
must go beyond the (quasi) harmonic approxima-
tion. This will require new statistical mechanics
methods that explicitly treat anharmonicity42,54–62

or a reliance on Monte Carlo simulations using
highly accurate machine learned interatomic po-
tentials that have been explicitly trained to the flat
energy landscapes along paths connecting BCC
to different close-packed phases.31 As in pure Li,
which also has a high degree of degeneracy be-
tween BCC and close-packed structures,30,31 we
expect that at x ≈ 0.75 the BCC crystal will
be stabilized at elevated temperature. This more
open crystal structure tends to be entropically fa-
vored over close-packed crystal structures such as
HCP and FCC.
Our calculations have also revealed a high de-

gree of degeneracy between FCC and BCC when
Li and Ag are present at equiatomic composi-
tions. The energy surfaces along the Bain and
Burgers paths of LiAg (Figure 7a) show that the
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favored crystal structure at this composition de-
pends strongly on the ordering of Li and Ag. The
B2 ordering of LiAg on the BCC parent structure
is very stable. Furthermore, the FCC L10 counter-
part, accessible to B2 along the Bain path, and the
HCP B19 counterpart, accessible to B2 along the
Burgers path, are unstable and spontaneously re-
lax back to B2. In contrast, the B32 ordering of
LiAg on the BCC parent structure is unstable and
will spontaneously relax to the FCCUPb structure
along the Bain path or an HCP ordering along the
Burgers path. The BCC based B2 LiAg and the
FCC based UPb structure of LiAg have energies
that differ by less than 1 meV. This degeneracy at
x = 0.5 and the strong dependence of the quali-
tative shape of the energy surface along the Bain
and Burgers paths on ordering at x = 0.5 has im-
portant implications for phase stability and likely
plays a role in determining the kinetics of the ex-
perimentally observed phase transformation from
B2 LiAg to the UPb form of LiAg during aging.19
The rate with which Li reacts with Ag to form

LixAg1−x solid solutions and ordered intermetal-
lic phases depends on the diffusion coefficients of
Li and Ag as a function of concentration. Diffu-
sion in substitutional alloys is mediated by vacan-
cies, and therefore depends directly on the equi-
librium vacancy concentration.20–23 The vacancy
formation energies in FCC LixAg1−x are very high
(≈ 0.8 eV), which translates into very low va-
cancy concentrations at room temperature. This
coupled with the moderate migration barriers for
Li and Ag diffusion in FCC LixAg1−x (0.3 eV for Li
and 0.6 eV for Ag) results in low diffusion coeffi-
cients. That for Li in the dilute limit is predicted
to be of the order of 10−20 cm2/s. Hence, diffusion
in the FCC LixAg1−x solid solution at room tem-
perature will be very sluggish. Only with nano-
particles of Ag, where the diffusion distances are
very short, will an electrochemical signature of
the FCC LixAg1−x solid solution at high voltage
(between 0.7 and 0.3 V) be evident in experimental
voltage profiles. When FCCAg is present as larger
particles, Li will not readily dissolve to form an
FCC LixAg1−x solid solution during electrochem-
ical deposition. Instead, a B2 shell will rapidly
form on the surface of FCC Ag particles.74 The
lower vacancy formation energies and migration
barriers in B2 suggests that a B2 shell likely allows

Li diffusion through the shell towards the unal-
loyed Ag interior, and Ag out diffusion through
the shell to the surface where it can continue to
alloy with electrochemically deposited Li. This
then leads to the formation of the other Li-rich in-
termetallic compounds, which have exceptionally
low migration barriers.
The sluggish diffusion in the FCC phase will

lead to polarization and hysteresis in the voltage
profile during charge and discharge.75,76 As a re-
sult, experimental voltage curves will differ from
the equilibrium voltage curve calculated in this
study (Figure 8) for typical charge and discharge
rates. Measurements that are performed at low
current and using small particle sizes10,73,74,77–79
will yield voltage curves that approach the equi-
librium curve as this will allow for the electro-
chemical formation of the FCC solid solution.
An in-depth analysis of vacancy formation en-

ergies and migration barriers has revealed that
the diffusion mechanisms in B2 LiAg are com-
plex. Because of the topology of the B2 order-
ing on the BCC parent crystal structure, nearest
neighbor hops necessarily lead to anti-site disor-
der and therefore a disruption of the thermody-
namically preferred long-range order. Our DFT
calculations show that nearest neighbor Li hops
to the silver sublattice are unstable. A lithium
can only hop to a nearest neighbor site on the Ag
sublattice if it drags a second atom with it to fill
the vacancy it would otherwise leave behind on
the Li sublattice. These two-atom hops have sur-
prisingly low migration barriers and likely play
a significant role in mediating Li diffusion. Two
atom hops are a common feature of the B2 crys-
tal structure and has been predicted to occur in
other B2 compounds such as NiAl.25,27,28 Second
nearest neighbor hops are also viable in B2, due
to its open crystal structure. While the barriers
are slightly higher than nearest neighbor Ag hops
or two-atom Li hops, these preserve the B2 long-
range order and are more favorable from a ther-
modynamic point of view.
The Li-rich phases of the Li–Ag binary sys-

tem, including γ3, γ1 and D03 Li3Ag, are all de-
rived from BCC and have interconnected Li sub-
lattices. They, therefore, allow for nearest neigh-
bor Li hops without disrupting long-range order.
These phases exhibit exceptionally low migration
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barriers with KRA values in the range of 0.1 eV.
These migration barriers are lower than those
of the fastest super ion conducting solid elec-
trolytes.80–84 Furthermore, they have lower va-
cancy formation energies on the Li sublattice than
the more Ag-rich FCC and B2 phases. The Li-
rich LixAg1−x alloy should therefore enable rapid
lithium diffusion. Other Li-rich intermetallics
such as Li3Sb with the D03 structure also exhibit
very low migration barriers.72
While migration barriers can provide a sense

of how mobile atoms are in a particular solid,
varying degrees of long and short range or-
der and crystallographic peculiarities can cause
highly correlated diffusion that lead to signifi-
cant reductions in the macroscopic diffusion coef-
ficients.21,23,27,29,68,69,85,86 Quantifying the effects of
correlated diffusion requires numerical tools such
as kinetic Monte Carlo simulations.44,53,67 The in-
depth calculation of migration barriers and va-
cancy formation energies in the Li–Ag alloy sys-
tem sets the stage for the calculation of room
temperature diffusion coefficients using kinetic
Monte Carlo simulations.

6 Conclusion
We have performed a first-principles study of the
thermodynamic and kinetic properties of the Li–
Ag binary system. Building on previous first-
principles studies by Braga et al.17 and Xie et al.,18
we have identified two new ground states in the
Li-rich portion of the phase diagram. Our anal-
ysis of the energy surface of different Li–Ag or-
derings at various concentrations x in LixAg1−x

along the Bain and Burgers paths have shown
an unusual degree of anharmonicity. This leads
to a breakdown of phonon theories within the
(quasi) harmonic approximation and indicates
that room temperature thermodynamic and me-
chanical properties should be highly temperature
dependent. We have also performed a systematic
investigation ofmigrationmechanismswithin the
various solid solutions and intermetallic phases of
the Li–Ag binary system. Vacancy formation en-
ergies are predicted to be high, leading to low con-
centrations of diffusion mediating vacancies. Dif-
fusion in the FCC LixAg1−x solid solution is pre-

dicted to be sluggish. Complex diffusion mecha-
nisms in the B2 LiAg phase are identified, includ-
ing low-barrier two-atom hops and second near-
est neighbor hops. Exceptionally low migration
barriers of 0.1 eV for Li hops are predicted in the
Li-rich intermetallics.

7 Supporting Information
Structure enumeration details, DFT convex hull,
lattice parameter changes during lithiation, opti-
mized ground state structures in VASP POSCAR
format.
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