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First-principles study of Li-ion distribution at γ-Li3PO4/metal interfaces
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We investigated Li-ion distribution profiles at the interfaces between γ -Li3PO4 and metal electrodes using
first-principles and one-dimensional continuum-model calculations. Within the allowed range of the chemical
potential of Li in γ -Li3PO4, −6.11 eV � μLi � −2.59 eV, which is estimated from the chemical potential
diagram of Li, P, O-related chemical compounds, we predict upward band bending near Au(111) and Ni(111)
interfaces. We found interstitial Li-ion accumulation for the larger μLi values and its depth is ca. 3 Å for
μLi = −2.59 eV. For the Li(100) interface with μLi = −2.59 eV, we predict slight upward band bending and the
formation of interstitial Li-ions. However, the downward band bending occurs for μLi = −6.11 eV, where the
accumulated charge carrier corresponds to the Li-ion vacancies. Finally, we suggest that the interstitial Li-ions
accumulated within a few Å from the Au(111) interface and the Li-Au alloying play a central role in the switching
of the novel memory device.
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I. INTRODUCTION

Li-ion acts as a mobile charge carrier in various liquids
and solids, and understanding its behavior is of significant
importance in the application to Li-ion batteries (LIBs), the
demand of which increases rapidly. Among LIBs, all-solid-
state type Li-ion batteries (ASSLIBs) have attracted much
attention recently due to safety and high output voltage [1,2].
Although the low ionic conductivity of solid electrolytes has
been considered as a drawback, sulfide-based materials were
found to show high ionic conductivity of ∼10−2 S/cm at
room temperature [3,4], which is comparable with that of
liquid electrolytes. Thus, ASSLIBs are expected to be next
generation secondary batteries.

Recently, the Au/Li3PO4/Li stacked system, which has
a similar geometry to ASSLIBs, has been found to exhibit
two different internal voltage states, viz., high voltage state
(∼0.7 V versus Li+/Li; HVS) and low voltage state (∼0.3
V versus Li+/Li; LVS) [5]. The transition from LVS to HVS
(HVS to LVS) occurs by applying 2.0 V (0.2 V) to the Au
electrode. A new type of memory device may be realized by
utilizing these switchable states. Experiments also verify that
the switching of the two states requires a very low power
consumption. The simple stacked structure is of advantage
when applying to highly integrated systems, and the use of
a fast ionic conductor electrolyte with low interface resistance
enables high-speed operation. Therefore, we expect that this
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stacked system may be promising as a novel memory device,
and can contribute to further advances in the information
intensive society.

The current-voltage characteristics obtained by the cyclic
voltammetry measurement in the Au/Li3PO4/Li stacked sys-
tem show two remarkable peaks [5,6]. The peak at 0.2 V cor-
responds to the current from Li to Au electrodes, suggesting
the Li-ion migration toward the Au electrode. However, the
current flow from Au to Li electrodes around 0.5 V suggests
the movement of the accumulated Li-ion at the Au electrode
toward the Li electrode. The current impedance measurement
at the two voltage states reveals that the Nyquist plots of the
HVS and LVS have one and two semicircles, respectively
[5]. The one semicircle seen in both states originates from
the resistance in Li3PO4. The origin of the second semicircle
in the LVS is attributed to the Au/Li3PO4 interface, which
presumably arises from a thin Li-Au alloy layer formation.
These experimental results suggest that the two voltage states
have different Li-ion distributions near the interface with
the Au electrode. One may think that certain experimental
techniques, e.g., scanning transmission electron microscopy
(STEM) coupled with electron energy loss spectroscopy
(EELS) [7], and high angle annular dark field (HAADF)-
STEM, can directly observe the interface structures [8,9].
However, due to the complexity of lithium related materials
and insufficient sensitivities of such techniques for these
materials, a consensus on the interface structures is yet to be
reached. In this context, it is worth noting that the origin of
interface resistance in these materials is still under discussion,
though space charge layer (SCL) [10,11] and solid electrolyte
interphase (SEI) [12,13], etc., have been proposed as its
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FIG. 1. Left: Optimized structure of bulk γ -Li3PO4 unit cell.
Right: Top views of three planes, viz., ab, ac, and bc planes.
PO4 forms the tetrahedra. Structures are visualized using VESTA
package [18].

possible origins. In this research, therefore, we conducted
numerical simulations using first-principles calculations to
elucidate the Li-ion distribution at the interface of Li3PO4/

metal systems.

II. METHODOLOGY

A. DFT calculations

We first performed density functional theory (DFT)-based
total energy calculations using Vienna ab initio Simulation
Package (VASP) software [14,15] to investigate the forma-
tion energy of Li defects, viz., vacancy and interstitial, in
Li3PO4, and the valence band offset (VBO) values between
Li3PO4 and metal surfaces. For all the calculations, we used
the generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) functional [16], plane wave basis set
(500 eV cutoff energy), and projector augmented wave (PAW)
method [17]. We used the bulk γ -Li3PO4(×16) for the defect
calculations, which consists of 48 Li, 16 P, and 64 O atoms in
the unit cell as shown in Fig. 1. To investigate Li-ion defects
(charged defects), we varied the number of electrons (±1) by
adding a jellium background charge to neutralize the unit cell.

The formation energy of defect species D with charge q is
defined as follows:

G[Dq] = E [Dq] − E0 − nLiμLi + q�EF + �corr, (1)

where E [Dq] and E0 correspond to the total energies of the de-
fect Dq and the pristine systems, respectively. nLi and μLi are
the number of Li defects per supercell and the chemical po-
tential of Li, respectively. �EF corresponds to the Fermi level
measured from the VBM, which is equivalent to �EF(z) in
Sec. II B. �corr is the correction term for spurious interactions
between the charged defect and the periodic images of the
supercell [19,20]. It includes the effect of potential alignment

of the defective system with respect to that of nondefective
systems, as implemented in sxdefectalign software [21].

Then, we calculated the valence band maximum (VBM)
of γ -Li3PO4 measured from the vacuum level using the slab
approach. We examined three surface orientations, viz., ab,
ac, and bc planes (cf. right panel of Fig. 1), where each
slab consists of three γ -Li3PO4(×4) unit cells repeating the
direction perpendicular to the surface plane. We used 23.3,
24.8, and 23.8 Å thick vacuum layers to separate ab, ac, and
bc plane slabs, respectively. Further details of the slab struc-
tures are described in Sec. S1 of the Supplemental Materials
[22]. We applied the dipole correction along the direction
perpendicular to the surface plane to eliminate the dipole
interaction between the periodic cells for all slab calculations
[23,24]. Note that the density of states (DOS) of the middle
of the slab reproduce main features of DOS of the bulk
γ -Li3PO4, such as the band widths and their relative energy
positions. This may justify our choice for the slab thickness
(for details, please see Fig. S2 in the Supplemental Material
[22]).

Next, we calculated the work functions of Au, Ni, Li, and
Li-Au alloys, viz., LiAu3 and Li3Au, surfaces. Specifically,
we examined the work functions of low index facets, (100),
(110), and (111) for face-centered-cubic (FCC) Au, Ni, and
LiAu3, (100) and (110) for body-centered-cubic (BCC) Li,
and (100) for rocksalt Li3Au. Each slab consists of six atomic
layers. We used 1 × 1 supercells, and the vacuum layers were
more than 15 Å for all cases. We calculated the work function
values from the vacuum level measured from the Fermi level
in the planar average of electrostatic potential. Brillouin zone
integration was performed using the special k-point sampling
technique of Monkhorst and Pack (5 × 5 × 5 and 5 × 5 × 1
sampling meshes for the bulk and the slab systems, respec-
tively) [25].

The optimized lattice constants of γ -Li3PO4(×4) were
calculated as a: 5.00 Å, b: 6.18 Å, and c: 10.6 Å, which
agree well with the experimental (previous DFT) values of a:
4.92 (4.99) Å, b: 6.11 (6.17) Å, and c: 10.5 (10.58) Å [26,27].
The insulating electronic structure was confirmed with the
band gap energy of 5.68 eV, although the value is much lower
than the experimental one, 8.14 eV [28], as often seen in GGA
calculations. For metal surfaces, we used the optimized bulk
lattice constants of 4.18 Å, 3.52 Å, 3.44 Å, 4.07 Å, and 6.29 Å
for Au, Ni, Li, LiAu3, and Li3Au, respectively. We used
Au-termination for LiAu3(100) and Li-Au-termination for
LiAu3(110) and Li3Au(100) considering energetical stability.

B. Continuum-model calculations

We investigated the Li-ion distribution in γ -Li3PO4 solid
electrolyte connected to metal electrode, using a combina-
tion of defect formation energy calculations from first prin-
ciples and continuum-model calculations [29]. We adopted
a one-dimensional (along the z axis) continuum-model of
γ -Li3PO4/metal interfaces. A schematic description is shown
in Fig. 2, where �EF(z) corresponds to the energy differ-
ence between the metal Fermi level, EF, and the electrolyte
VBM, V (z). �EF(z = 0) corresponds to VBO, φVBO. Here,
we assumed the Schottky limit, where surface effects are not
considered. That is, we assume that the VBO can be calculated
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FIG. 2. A schematic description of one-dimensional continuum-
model along z axis. The band bending of electrolyte valence band is
expected to be seen near the interface with metal, where the shaded
areas represent the occupied energy states. φVBO corresponds to the
valence band offset. �EF(z) corresponds to the energy difference
between the Fermi level of metal (EF) and the valence band energy
of electrolyte V (z).

directly as the difference between the work function of the
electrode and the valence band maximum of the electrolyte
surface. We determined the electrostatic potential V (z) based
on Poisson’s equation:

∂2V (z)

∂z2
= −ρ(z)

ε0εr
, (2)

where ε0 corresponds to the permittivity of vacuum and εr

corresponds to the dielectric constant of γ -Li3PO4. In these
calculations, we considered four kinds of Li defects, viz.,
Vx

Li, V′
Li, Lix

i , and Li•i . VLi and Lii represent the Li vacancy
and interstitial, respectively, and cross-mark (x), bullet (•),
and prime (′) signs indicate neutral, positive, and negative
charges, respectively, following Kröger-Vink notation [30].
We assumed that the charged defects contribute to the charge
density, which is given by the following equation:

ρ(z) = −[V′
Li(z)] + [Li•i (z)] − [e′(z)] + [h•(z)], (3)

where bracket represents the density of each defect species,
and [e′(z)] and [h•(z)] correspond to the densities of electrons
and holes, respectively. Each defect density takes the follow-
ing form:

[Dq] = N
exp

[−G[Dq]
kBT

]

1 + ∑
q′ exp

[−G[Dq′ ]
kBT

] , (4)

where N is the concentration of possible defect sites. kB and
T correspond to the Boltzmann constant and temperature,
respectively. The concentration of possible defect sites in
γ -Li3PO4 corresponds to N = 3.66 × 1028 m−3 (48 sites/unit
cell). Note that although the number of interstitial sites are
not uniquely determined, we assumed that it is the same as
that of the vacancy sites. The carrier densities of electrons and
holes were calculated using Fermi-Dirac distribution function.
Since G[Dq(q′ )] depends on the local Fermi level position
�EF(z) = φVBO − V (z) [cf. Eq. (1)], the charge density ρ(z)
turns out to be a function of V (z). Thus, Eq. (2) is solved
self-consistently to obtain the charge and potential profiles.

TABLE I. Calculated formation energies of the Li vacancy and
interstitial in bulk γ -Li3PO4(×16). Vx

Li (Lix
i ) and V′

Li (Li•i ) corre-
spond to the Li vacancy (interstitial) of charge neutral and negatively
(positively) charged systems, respectively. μLi and �EF correspond
to the chemical potential of Li and the Fermi level measured from
the valence band maximum, respectively.

Vacancy Interstitial

Vx
Li 6.82 eV + μLi Lix

i 0.183 eV − μLi

V′
Li 7.75 eV + μLi − �EF Li•i −5.38 eV − μLi + �EF

III. RESULTS AND DISCUSSION

A. Li defects formation energy

We first performed the Li defect formation energy calcula-
tions in bulk γ -Li3PO4 using DFT calculations. We took into
account the Li vacancy and interstitial as Li defect species. In
the vacancy case, we removed one of the Li atoms from the
unit cell and performed structural optimization. However, we
randomly added one Li atom in the unit cell and optimized
the structure for the interstitial case. For both defects cases,
we investigated 12 initial configurations, and the obtained
minimum defect formation energies among them are listed in
Table I (for the others, please see Fig. S3 in the Supplemental
Material [22]). The values in the table correspond to the total
energy differences among the defect configurations and the
pristine one plus the correction term �corr. �corr values are
0.399 and 0.414 eV for V′

Li and Li•i , respectively, where we
used εr = 5.6 obtained from the experiment [31].

Inside the crystal, Li atoms donate one electron to the
lattice to become (Li+) while PO4 tetrahedra receive the
electrons and become PO3−

4 . According to the Bader charge
analysis [32,33], the charge state of the Li atoms correspond
to +0.853 ∼ +0.899. Figure 3 shows the DOS of pristine
γ -Li3PO4, where the energy reference is set to the VBM. The
electronic states around −7 eV consist of the P 3s-orbital and
the O 2s and 2p-orbitals. The P 3p-orbitals and the O 2p-
orbitals constitute the electronic states between ∼ − 5 eV and
−4 eV. The electronic states between −3 eV to −1 eV origi-
nate from mainly the P 3d-orbitals and O 2p-orbitals, with a
small contribution of P 3p-orbitals. Note that the contribution
of P 3d-orbitals agrees with the previously reported molecular

FIG. 3. Calculated density of states of pristine bulk γ -Li3PO4.
The valence band maximum is taken as zero. The solid line corre-
sponds to the total DOS, and the filled line, dotted line, and bold line
correspond to the projected DOS to Li, P, and O, respectively.
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FIG. 4. Calculated density of states of bulk γ -Li3PO4 with Li
vacancy; (a) Vx

Li, (b) V′
Li, and (c) V•

Li. The valence band maximum is
taken as zero. The solid line corresponds to the total DOS, and the
filled line, dotted line, and bold line correspond to the projected DOS
to Li, P, and O, respectively.

orbital calculations [34]. The electronic states near the VBM
mainly consist of the nonbonding states of O 2p-orbitals, and
the valence band is completely filled showing the insulating
nature. The conduction band is separated by the band gap
energy of 5.68 eV.

Figure 4 shows the DOS of γ -Li3PO4 with Li vacancies. In
the case of Vx

Li [Fig. 4(a)], the valence band is not completely
filled due to the lack of one electron in the PO4 tetrahedron.
In the case of V′

Li [Fig. 4(b)], however, one additional electron
fills the unoccupied electronic state restoring the insulating
nature. The slight broadening of the valence band width is
attributed to a lowering of Td symmetry of the PO4 tetrahedra.
Lacking more electrons as in the case of V•

Li [Fig. 4(c)] leads
to more unoccupied states in the VBM.

The DOS of γ -Li3PO4 with Li interstitials are shown in
Fig. 5. The interstitial Li atom releases one electron which
stays in the conduction band in the case of Lix

i [Fig. 5(a)].
More electrons stay in the conduction band in the case of
Li′i [Fig. 5(b)]. The VBM is fully occupied in the case of Li•i
[Fig. 5(c)], exhibiting the insulating nature. The band splitting
in the charged defect cases is attributed to the symmetry
lowering of the structures and the local electronic polarization
in the crystal [35]. The shapes of DOS change slightly by
the introduction of defects. Note that we set the number

FIG. 5. Calculated density of states of bulk γ -Li3PO4 with inter-
stitial Li; (a) Lix

i , (b) Li′i, and (c) Li•i . The valence band maximum is
taken as zero. The solid line corresponds to the total DOS, and the
filled line, dotted line, and bold line correspond to the projected DOS
to Li, P, and O, respectively.

of electrons and the background charges so as to formally
simulate the six kinds of Li defects and that the formal charge
state does not mean that the amount of the charge is localized
at the defect site. In fact, in the cases of positively charged Li
vacancy (V•

Li) and negatively charged Li interstitial (Li′i), the
calculated charge density distributions show that the excess
charges are delocalized over the supercell. This indicates that
these defect species are unstable. Therefore, we excluded
them from the possible defect species in the Li-ion distribution
calculations in Sec. III D.

To confirm the validity of the Li defect formation en-
ergies using the GGA-PBE, where the band gap energy is
underestimated, we performed hybrid functional calculations
(HSE06) [36]. Note that since HSE06 calculations using
γ -Li3PO4(×16) are computationally intensive, we compared
the results using γ -Li3PO4(×4). We used the pristine and the
most stable defect structures of γ -Li3PO4(×4) obtained by
the GGA-PBE calculations. The calculated band gap energy
of the pristine structure corresponds to 7.55 eV, which is much
closer to the experimental value [28]. The defect formation
energies of Vx

Li, V′
Li, Lix

i , and Li•i using the HSE06 (GGA-
PBE) correspond to 7.71 (6.89) eV + μLi, 8.08 (8.05) eV +
μLi − �EF, 1.40 (0.997) eV − μLi, and −5.33 (−5.22) eV −
μLi + �EF, respectively. The maximum difference of
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formation energies between the exchange-correlation func-
tionals is 0.820 eV (Vx

Li). This is because the defect level
of Vx

Li becomes relatively deeper in HSE06 compared with
that of GGA-PBE. Although the difference is rather large,
the formation energy of Vx

Li is the positive value regardless
of �EF and μLi and its density is small (cf. Sec. III D2).
Thus, this is expected to have negligible effects on the defect
distribution and the switching mechanism which we will
explain in Sec. III D.

The volume change of γ -Li3PO4 due to Li defects can be
considered as a factor affecting the Li-ion distribution. Thus,
we performed volume optimization calculations when the Li
defects are introduced, using the bulk γ -Li3PO4(×16) unit
cell. In the vacancy case, we removed one of the Li atoms
from the unit cell, and performed volume optimization. In the
interstitial case, we randomly added one Li atom in the unit
cell and optimized the volume. We found 0.197%, 1.22%,
0.843%, and 2.78% of volume expansions for Vx

Li, V′
Li, Lix

i ,
and Li′i, respectively. However, we found 0.755% and 1.03%
volume shrinkage for V•

Li and Li•i , respectively. The obtained
volume changes are rather small for all defect species, which
suggests the unit cell size used in this study is sufficiently
large. Thus, we used the defect formation energies without
volume optimization for the following sections. For more
details, please refer to Sec. S3 in the Supplemental Material
[22].

B. Li chemical potential

To evaluate the Li defect formation energies, we need to
consider the chemical potential value of Li. The formation
energy of γ -Li3PO4 is the sum of the chemical potentials
of Li, P, and O, i.e., Eform.(γ -Li3PO4) = 3μLi + μP + 4μO.
Depending on the environment (e.g., experimental conditions
or source of Li), each chemical potential value can vary in
a certain energy range, which determines the stable chemical
compound containing some or all of Li, P, and O [37]. Here,
we determined the chemical potential energy range of Li
where γ -Li3PO4 stably exists using the formation energy
values of Li, P, and O related chemical compounds taken
from Materials Project database [38]. Bulk BCC Li, bulk
P in the monoclinic space group P2/c, and an isolated O2

( 1
2 O2) at 0 K were used to determine the formation energies.

We considered μLi = μ0
Li + �μLi, where μ0

Li was taken as
the total energy of bulk Li (per atom), which corresponds to
−1.90 eV (this value depends on the zero reference for the
total energy, which depends on how the pseudopotentials were
generated; here, the value only has meaning as the reference
for the chemical potential of Li). Figure 6 shows the chemical
potential diagram for γ -Li3PO4 as functions of �μLi and
�μO. Note that the chemical potential of P (μP) is uniquely
determined from the formation energy of γ -Li3PO4 when μLi

and μO are specified.
In Fig. 6, there are numbered 17 lines, each of which

corresponds to the chemical compound listed on the right side.
The line indicates the phase boundary of the listed chemical
compound and γ -Li3PO4. For instance, the line labeled 15
corresponds to the boundary of Li2O and γ -Li3PO4. When
�μLi is smaller than the boundary, γ -Li3PO4 becomes stable.
However, when �μLi is larger than the boundary, decomposi-

FIG. 6. Chemical potential diagram for γ -Li3PO4. The lines
with numbers represent the stable phases (the chemical compounds
listed on the right) in the corresponding chemical potential range.
γ -Li3PO4 is stable with the chemical potentials in the shaded area.

tion of γ -Li3PO4 into Li2O occurs. In the area enclosed by all
lines (shaded area), γ -Li3PO4 can stably exist. The resulting
chemical potential range corresponds to −6.11 eV � μLi �
−2.59 eV (−4.21 eV � �μLi � −0.690 eV). In the follow-
ing calculations, we will treat μLi as a parameter in the above
energy range.

C. Valence band energy and work function

We performed DFT calculations using the γ -Li3PO4 slab
to obtain the VBM energy measured from the vacuum level.
We used three surface structures shown in Fig. 1, viz., ab, ac,
and bc planes (please also refer to Fig. S1 in the Supplemental
Material [22]). Table II shows the obtained VBM values
for respective surface structures. The ac plane shows the
minimum VBM value because the Li fraction of this surface is
the largest. The energy level becomes higher when the surface
is positively charged. However, since the bc plane has the PO4

protruded surface structure, it has the largest VBM value. The
ab plane takes the intermediate value.

Next, we calculated the surface energies to determine
the most stable surface plane using the equation: Esurf. =
(Eslab − 3Ebulk )/2A. A corresponds to the surface area, and
the coefficient 2 comes from the upper and lower surfaces in
the slab. The coefficient 3 corresponds to the number of unit
cells used in the slab model. The surface energy indicates the
energy increase by cutting the surface from bulk. Thus, the
smaller value of the surface energy means the stable surface.

TABLE II. Calculated valence band maximum values (EVBM)
and surface energies (Es) of γ -Li3PO4. ab, ac, and bc planes are taken
into account (cf. Fig. 1).

EVBM (eV) Es (eV/Å2)

ab plane 5.89 3.24 × 10−2

ac plane 5.15 5.93 × 10−2

bc plane 6.46 6.24 × 10−2
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TABLE III. Calculated work function values (φ) of Au, Ni, Li,
LiAu3, and Li3Au surfaces. Low index facets, viz., (100), (110), and
(111), are taken into account.

Facet φ (eV) Facet φ (eV)

Au (100) 4.99 Ni (100) 4.77
(110) 4.97 Ni (110) 4.51
(111) 5.15 Ni (111) 5.34

Li (100) 2.43 LiAu3 (100) 4.83
(110) 3.20 LiAu3 (110) 3.70

Li3Au (100) 3.22 LiAu3 (111) 4.73

The calculated surface energies shown in Table II suggest that
the ab plane is likely to be formed since it has the smallest
surface energy value.

We also investigated the work function values of several
metal surfaces. Here, we considered the Au, Ni, and Li
surfaces used in the novel memory device as mentioned in
the introduction. In addition, Li-Au alloy surfaces, viz., LiAu3

and Li3Au, were also taken into account. Note that Au has
often been used as an electrode material in LIBs because of
the storage capacity of Li by forming Li-Au alloys [6,39,40].
Table III shows the calculated work function values. The
results of Au, Ni, and Li surfaces agree well with the ex-
perimental values [41]. The work function of Li-Au alloys
decreases as Li percentage increases, i.e., φLi3Au < φLiAu3 .

D. Li-ion distribution

1. Defect formation energy at interface

The Li defect formation energies shown in Table I are plot-
ted as a function of �EF with μLi = −2.59 eV in Fig. 7. The
formation energies of Vx

Li and Lix
i are constant regardless of

FIG. 7. Formation energies of the Li vacancy and interstitial of
bulk γ -Li3PO4 as a function of Fermi level (�EF) measured from the
valence band maximum. The chemical potential of Li corresponds
to μLi = −2.59 eV (left) and −6.11 eV (right). The vertical lines
show the valence band offset values of γ -Li3PO4 with Au(111) and
Li(100).

�EF. The formation energies of the charged defects increase
or decrease with �EF, depending on their charges. We then
calculated the VBO values of metal-electrolyte interfaces by
subtracting the work function of metal from the VBM of
γ -Li3PO4.

At �EF = 0.738 eV, which corresponds to Au(111), the
formation energies of Li vacancies are so large that the
formation of these defect species is unlikely at the interface.
However, the interstitial Li-ion (Li•i ) has a small formation
energy of −2.05 eV. This suggests that the interstitial Li-ions
are likely to be formed. The formation energies of all defect
species at �EF = 3.45 eV, which corresponds to Li(100),
have large values. Thus, the formation of defects is unlikely.
Note that the previously reported Li•i formation energy at
EF = 0 eV corresponds to ca. −3 eV (μLi = −1.87 eV) [42],
which relatively agrees with the present study of −2.79 eV
(μLi = −2.59 eV).

Figure 7 shows the Li defect formation energies as a
function of �EF with μLi = −6.11 eV. At the Au(111) Fermi
level, the formation energy of interstitial Li-ion (Li•i ) corre-
sponds to 1.47 eV, which is much larger than that of μLi =
−2.59 eV. Thus, interstitial Li-ions are unlikely to be formed
in this case. However, the formation energy of Li-ion vacancy
(V′

Li) at the Li(100) Fermi level shows a negative value of
−1.81 eV, and that of interstitial Li-ion (Li•i ) becomes a large
positive value. Therefore, the Li-ion vacancy (V′

Li) is expected
to act as a dominant defect species in this μLi value.

2. Continuum-model calculations

To investigate the defect distributions and their depth from
the interfaces, we performed the continuum-model calcula-
tions using the Li defect formation energies of bulk γ -Li3PO4

and the VBO values calculated assuming the Schottky limit
as mentioned above. μLi is treated as a parameter that can
be modified experimentally by, e.g., application of bias. We
used the ab plane of γ -Li3PO4, the experimental values of
the dielectric constant, εr = 5.6 [31], and the band gap en-
ergy, Eg = 8.14 eV [28]. The calculated electrostatic potential
profiles from self-consistently solved Poisson’s equation are
shown in Fig. 8, where μLi corresponds to −2.59 eV (�),
−4.35 eV (•), and −6.11 eV (�).

At the interface with Au(111), which has a relatively high
work function, the electrostatic potentials show an upward
band bending for μLi = −2.59 eV and −4.35 eV, and a slight
upward band bending for μLi = −6.11 eV. The degree of
bending increases as μLi increases. The potential is flat in
most of the region, which suggests that the interface affects
only its neighborhood and the rest can be regarded as bulk.
The calculated Li defect distribution profiles obtained from
the charge density ρ(z) are shown in Fig. 9, where the defect
fraction equals one means that the defect sites are fully
occupied. Near the interface with Au(111), the interstitial
Li-ions (Li•i ) exist for μLi = −2.59 eV and −4.35 eV. The
depth of the defect-rich region reaches maximally ca. 4 Å for
μLi = −2.59 eV, and the flat potential region has a negligible
amount of defects. For the smaller μLi values, the depth
gradually decreases to ca. 2 Å for μLi = −4.35 eV. There
are no interstitial Li-ions for μLi = −6.11 eV, while holes
(h•) and Li vacancies (Vx

Li and V′
Li) slightly exist as shown
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FIG. 8. Calculated electrostatic potential profiles of γ -Li3PO4 as a function of the distance from the interface z, with Au(111), Ni(111), and
Li(100). The reference of the electrostatic potential corresponds to the Fermi level of metal surfaces. The chemical potential of Li corresponds
to μLi = −2.59 eV (�), −4.35 eV (•), and −6.11 eV (�).

in the inset of Fig. 9. In this way, the positive charge carrier
accumulates at the upward band bending region, and its depth
corresponds to the strength of the potential screening. The
dominant defect species, i.e., interstitial Li-ions (Li•i ), match
with Fig. 7.

The calculated potential profile of Ni(111) interface case
resembles that of Au(111) because of the similar work func-
tion value. That is, the electrostatic potential profiles show

an upward band bending, and the positive charge carrier
corresponds to interstitial Li-ions for μLi = −2.59 eV and
−4.35 eV, and holes for μLi = −6.11 eV.

The VBO of Li(100) is larger than the above two cases due
to its small work function value. The electrostatic potential
profile with μLi = −2.59 eV shown in Fig. 8 indicates a slight
upward band bending. In this case, the interstitial Li-ions
(Li•i ) slightly accumulate near the interface as seen in the

FIG. 9. Calculated Li defect fraction profiles of γ -Li3PO4 as a function of the distance from the interface z, with Au(111), Ni(111), and
Li(100). The chemical potential of Li corresponds to μLi = −2.59 eV (�), −4.35 eV (•), and −6.11 eV (�). The types of Li defects are
indicated in the figures. The insets show the defect fraction profiles using logarithmic plots, with an indicated μLi.
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inset of Fig. 9. This can be explained by a relatively small
formation energy of 0.659 eV from Fig. 7. The formation
energies of Li vacancy and interstitial pair at Li metal and
Li3PO4, respectively, were reported as the positive values of
0.82 eV ∼ 2.1 eV, using DFT calculations with atomistic
models of Li(100)/β- and γ -Li3PO4 interfaces [42,43]. Our
results, which show the negligible amount of Li defects at the
interface with Li(100), are consistent with the literatures. For
smaller μLi values, however, the electrostatic potential profiles
show a downward band bending. The accumulation of Li-ion
vacancies (V′

Li) gradually increases and its depth reaches ca.
4 Å for μLi = −6.11 eV.

The depth of the accumulated interstitial Li-ions near the
interface depends on the assumed number of defect sites N .
(Here, the number of defect sites means the upper limit of the
defect density in a structural unit. This number for Li defects
may be different from the number of Li atoms in the structural
unit, especially for the interstitial case.) The electrostatic po-
tential decreases slowly and steeply from the interface for the
smaller and larger N , respectively. Correspondingly, the depth
of the defect-rich region changes. The relevant defect species
is still identical. Please refer to Sec. S4 of the Supplemental
Material [22] for more details.

At the flat potential region, �EF(z > 15 Å) = φVBO −
V (z > 15 Å) = 3.97 eV and 0.757 eV for μLi = −2.59 eV
and −6.11 eV, respectively, all defect species have positive
formation energies according to Fig. 7. Thus, there is only a
negligible amount of defects in the bulk region. The relatively
low ionic conductivity of Li-ion in pure Li3PO4 is attributed
to the high enthalpy of its defect formation energy [44,45].
The introduction of the defect into Li3PO4 through the com-
bination of other materials, e.g., the composite with porous
Al2O3 [44] and the solid solution with Li4SiO4 [45], largely
enhances the ionic conductivity. The results obtained here are
consistent with the experiments.

As mentioned in the introduction, the novel memory device
using the Au/Li3PO4/Li stacked system contains a Li source
(Li metal electrode). This leads to the Li-rich condition, i.e.,
μLi = −2.59 eV, which corresponds to the upper bound of
μLi in γ -Li3PO4. Thus, the Li-ion vacancies possibly formed
at the Li(100) interface in the fabrication process will dis-
appear after a while, and the small amount of interstitial
Li-ions will accumulate. Meanwhile, the interstitial Li-ions
will increase near the Au(111) interface. Since Li-Au is a solid
solution system [46], the Li-Au alloy formation is expected at
the LVS. Using the work function values of Li-Au alloy sur-
faces, we calculated the electrostatic potentials and the defect
fractions at these interfaces with μLi = −2.59 eV as shown in
Fig. 10. The potential profiles show an upward bending, where
the interstitial Li-ions (Li•i ) accumulate near the interfaces.
However, the amount of interstitial Li-ions decreases for the
alloy cases. This suggests that the Au surface is partially
alloyed with the interstitial Li-ions to form LiAu3 surface.
Further alloying proceeds by the low voltage application to
form Li3Au or more Li-rich Li-Au alloy surfaces. However,
the high voltage application dissolves the Li-ions in the alloy,
which stay near the interface as the interstitial Li-ions.

In this way, we can explain the switching of the memory
device by the presence of interstitial Li-ions within a few
Å from the Au(111) interface and the alloying of Au with

FIG. 10. Calculated electrostatic potential and [Li•i ] defect frac-
tion profiles of γ -Li3PO4 as a function of the distance from the
interface z, with Au(111) (�), LiAu3(111) (•), and Li3Au(100) (�).
The reference of the electrostatic potential corresponds to the Fermi
level of metal surfaces. The chemical potential of Li corresponds to
μLi = −2.59 eV.

Li-ions. In the case of Ni, however, the low-voltage applica-
tion may cause the Li plating or the Li penetration into the
grain boundaries, since Ni does not form an alloy with Li.

The defect fraction profiles in Fig. 9 show the quite high
Li density in γ -Li3PO4 near the interface with Au(111) and
Ni(111). This also suggests the possibility of γ -Li3PO4 de-
composition due to the thermal instability or the elongation of
the defect-rich region to decrease the Li density. Side reactions
may result in lower device performance.

In the continuum-model calculations, we assumed the
Schottky limit, as mentioned in the Introduction. Since ma-
terials with large band gap energies are likely to be in this
limit [47], we consider that our assumption is valid to some
extent because of the large band gap energy of γ -Li3PO4.
However, the interface of Li-ion conducting solid electrolytes
often loses its sharpness, and it is expected to form various
impurity states at the interface. Thus, the model used here
roughly approximates the actual interface structure. Neverthe-
less, previous calculations proved that in the case of oxygen
vacancy using the atomistic model of Ni/ZrO2(111), the
defect formation energies near the interface match well with
the ones estimated using the bulk calculations assuming �EF

as the VBO values [48]. The deviation of defect formation
energies is within ca. 1 eV, which is due to the effects of
interface and defect density. This supports the validity of the
present work. Note that the structural relaxation may affect
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the formation of defect at the interface with Li electrode, e.g.,
the interstitial Li atom compensates the vacancy position in
the Li(100)/γ -Li3PO4 model [42].

3. Origin of interface resistance

In the experiment, the LVS and HVS appear after the
0.2 and 2.0 V voltage applications, respectively, where the
only LVS shows the interface resistance [5]. When the 2.0 V
is applied, Li-ions transfer inside the electrolyte from Au
electrode side toward Li electrode side, which results in the
Li-poor condition near the Au electrode. However, Li-ions
transfer in the opposite way at the 0.2 V application, which
causes the Li-rich condition near the Au electrode. Within
the allowed range of chemical potential of Li (cf. Fig. 6),
μLi = −2.59 eV can be considered as the Li-rich condition.
The defect distribution profile shows that the interstitial Li-
ions are accumulated near the Au(111) at μLi = −2.59 eV (cf.
Fig. 9), and presumably these can partially alloy the Au(111)
surface. In the Li-poor condition, where μLi may be close
to the lower limit (−6.11 eV), almost no defects accumulate
near the interface. Therefore, we ascribe the origin of the
interface resistance in the LVS to the accumulated interstitial
Li-ions near the Au(111) interface and the partially alloyed
Au surface. The microscopic mechanisms describing these
interfaces are beyond the scope of the present work and we
leave these considerations in the future studies.

Experiments also reported that the novel memory devices
with 4 mm2 surface area consumes ca. 3 × 10−5 C during
the voltage switching (LVS to HVS, vice versa) [5]. Using
the experimental surface area and ca. 4 Å depth of the accu-
mulated interstitial Li-ions from the interface, we estimated
the amount of charges necessary for the switching to be ca.
0.9 × 10−5 C. We consider this to be a rather good match
with the experiment because our numerical value of charge
was obtained using several approximations such as the fixed
dielectric constant and the absence of consideration of the
defect-defect interaction. Besides, the relatively large sample
size in the experiment may consume extra charges for various
reasons, which are not directly related to the switching pro-
cess. This value can be further improved if we employ realistic
conditions, which is beyond the scope of our study.

IV. CONCLUSION

We investigated the Li-ion distribution in γ -Li3PO4 with
metal interfaces using first-principles and one-dimensional

continuum-model calculations. Using the formation energies
of Li defects, Li vacancies and interstitials in bulk γ -Li3PO4

obtained by DFT calculations, we determined the electrostatic
potential and the charge density by solving the Poisson’s
equation self-consistently. The range of the chemical potential
of Li was evaluated from the chemical potential diagram
of γ -Li3PO4 as −6.11 eV � μLi � −2.59 eV. We found
upward band bending and the interstitial Li-ions accumulation
near the Au(111) and Ni(111) interfaces for the larger μLi

values. The depth of the defect-rich region reaches maximally
ca. 4 Å for μLi = −2.59 eV, and it gradually decreases for
the smaller μLi values. For the Li(100) interface with μLi =
−2.59 eV, we found slight upward band bending and the for-
mation of interstitial Li-ions. However, for μLi = −6.11 eV,
downward band bending occurs, and the Li-ion vacancies
are accumulated at the interface. Finally, we suggest that the
presence of interstitial Li-ions and the Li-Au alloying play a
central role in the switching of the novel memory device.

In this research, we consider ideal interfaces and ignore
various factors which may affect the Li-ion distribution, e.g.,
volume changes depending on the defect concentration and
structural relaxation at the interfaces. For further investiga-
tion, we need to treat more realistic or complicated interface
systems from first principles, which exceed current super-
computer capability. This could be resolved by advanced
calculation methods having both reliability and computational
efficiency such as interatomic potentials constructed using
neural networks [49]. Nevertheless, the insights obtained in
this paper must be helpful in advancing not only the novel
memory device but also other ion conducting devices such as
ASSLIBs, solid oxide fuel cells, and resistive random access
memories.
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