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Strain-engineered Peierls instability in layered perovskite La;Ni,O; from first principles
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Using first-principles calculations, we predict a strong coupling of lattice, charge, and spin degrees of freedom
in Ruddlesden-Popper phase La;Ni,O;, which enables a phase control with epitaxial strain. While the bulk
ground state is metallic, moderate compressive strain is found to trigger a Peierls transition to an insulating
state in concurrence with a breathing distortion of NiOs octahedra. The Peierls transition is microscopically
interpreted as a band-gap opening arising from lifting and lowering of the Ni d-e, states due to the octahedral

breathing.

DOI: 10.1103/PhysRevMaterials.2.125001

State-of-the-art thin-film growth techniques have been pro-
viding new avenues not only for the discovery of novel
functional materials, but also for the exploration of structural
phases with novel properties that cannot be accessed in bulk
equilibrium states [1]. Without chemical substitution, epitax-
ial strain is able to tune coupled multiple degrees of freedom
such as spin, charge, and lattice, and thereby breaks a delicate
balance between two or more competing phases with distinct
structural distortion, magnetic order, and electric conductivity.
Perovskite-related transition-metal oxides are one of the most
studied systems in terms of strain-engineered functionalities
[2-5]. Their diverse electronic properties, including ferromag-
netism, ferroelectricity, and superconductivity, are closely cor-
related with lattice distortions involving rotation, tilting, and
deformation of the oxygen-coordinated octahedra enclosing
the B-site cations because most of these properties originate
from the d electrons of the B-site cations [6]. This leads to a
lattice-charge-spin coupling, through which lattice distortions
induced by epitaxial strain can give rise to drastic changes of
the electronic, magnetic, and dielectric properties.

Ruddlesden-Popper double-layered perovskite LazNi,O;
has gotten plenty of attention because of the structural and
electronic similarity to high-7, superconducting cuprates [7—
18]. Recently, a high-quality La3Ni,O; thin film has been
successfully fabricated [19], which motivates the exploration
of epitaxial strain-induced structural phases and properties. In
this compound, the average formal charge of Ni ion is 4+2.5
(d’?). This material takes a low-spin configuration; the #,
states are fully occupied by 6 electrons, and the remaining
1.5 electrons are occupied in the e, states. The (LaNiO3),
perovskite bilayers are separated by the LaO rocksalt layers
[Fig. 1(a)], resulting in quasi-two-dimensional (quasi-2D)
electric conductivity. Interestingly, the electric conductivity
strongly depends on oxygen nonstoichiometry. Stoichiometric
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LasNi,O7 is metallic down to low temperatures, while the
oxygen deficiency leads to insulating behavior at room tem-
perature and the resistivity is increased with an increase in
oxygen vacancies [9—11,13,16]. Oxygen-excess La3zNiyO7 s
exhibits a metal-insulator (MI) transition at 128 K [15]. In this
context, stoichiometric La;NiO5 is located near the MI phase
boundary. The origin of nonstoichiometry-induced insulat-
ing nature still remains unclear. Charge and orbital ordering
on the NiO, planes induced by oxygen vacancy ordering
was attributed to the insulating states for oxygen-deficient
LasNi>O7_s. On the other hand, the MI transition observed
for oxygen-excess LasNi,O7,s was suggested to result from
freezing of charge-density wave (CDW) [12,15]. The detailed
mechanism behind the charge ordering and the CDW conden-
sation and the relevant lattice distortions, however, have not
been clearly identified. In addition, applying quasihydrostatic
pressure alters the MI transition temperatures with a rate of
~ —10 K/GPa for oxygen-excess LazNiyO7s [15,17]. This
implies that epitaxial strain could also switch the borderline
metal La3;Ni,O7 to an insulator.

In this paper, we report first-principles calculations ex-
ploring the ground-state crystal, electronic, and magnetic
structures of pristine La;Ni,O7 under epitaxial strain. We find
that compressive strain drives an MI transition, and identify
the relevant lattice distortion as breathing of NiOg octahedra
[Fig. 1(b)]. We elucidate the underlying mechanism; a fine
change of the electronic band structure by compressive strain
triggers a Peierls transition concurrent with the lattice distor-
tion and the change of spin configuration.

Our first-principles calculations were carried out using the
projector-augmented-wave (PAW) method [20], the PBEsol
generalized gradient approximation (GGA) functional [21],
and a +U correction as implemented in VASP [22,23]. The
Dudarev formulation was adopted for the +U correction
[24]. We examined U =U — J =0, 1.5, 3, 5, and 7 €V,
where U and J are onsite Coulomb and exchange interaction.
Note that we focus mainly on the results obtained using
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FIG. 1. (a) Distortion-free aristotype [4/mmm structure of
La3Ni,O;. Solid lines indicate its conventional cell. Lattice dis-
tortion modes corresponding to breathing of the NiOg octahedra
transforming like irreps (b) X; (a, a) and (d) Xj (a, 0) and octahedral
tilting transforming like irreps (c) X5 (a, a) and (e) X5 (a, 0). For
simplicity, only relevant octahedra are shown.

Uetr = 7 eV. The results obtained with lower U are illus-
trated in Sec. VIII of the Supplemental Material [25]. PAW
data sets with radial cutoffs 1.5, 1.3, and 0.8 A for La, Ni,
and O, respectively, were used with a cutoff energy of 550 eV
for plane waves. The following states were treated as valence
electrons: 5s, 5p, 5d, and 6s for La, 3d and 4s for Ni, and
2s and 2p for O. Lattice constants and internal coordinates
were optimized until residual stress and forces converged
down to 0.04 GPa and 10 meV/A, respectively. Phonon
frequencies were derived from the calculated force constants
using PHONOPY [26]. We chose a /2 x +/2 x 1 supercell of
the I4/mmm conventional cell for exploring stable struc-
tures so that the zone boundary special points X (0, O, %) and
M(3, 3, —13) are folded into the T'(0,0,0) point (see details in
the Supplemental Material, Sec. I [25]). We considered seven
AFM configurations Al, A2, C1, C2, F2, G1, and G2 types,
as well as an ferromagnetic (FM) configuration (F'1 type)
shown in Fig. S2 of the Supplemental Material [25], which
cover the interbilayer spin configurations. An 8 x 8 x 2 I'-
centered k-point mesh was used for the supercell. Symmetry
mode analysis was done using AMPLIMODES [27,28].

We begin with unveiling the unstrained bulk ground-state
crystal and magnetic structure. First of all, we investigated
the most stable spin configuration for the parent /4/mmm
structure. As a result, the FM configuration is found to be
stable (see Table S2 and Fig. S2 of the Supplemental Material
[25]). The total energies of F'1 and F?2 types are comparable.

Next, we perform stable crystal structure exploration using
lattice-dynamics calculations starting from the distortion-free
parent /4/mmm structure with a FM spin configuration.
Figure 2(a) shows the phonon band structure of the parent
I4/mmm phase. There are two unstable phonon modes with
imaginary frequencies transforming like irreducible repre-
sentations (irreps) X5 and X, , while there are no unstable
modes at the I and M points. Both of the two X-point
unstable modes are doubly degenerated because the star of
the wave vector has another arm [29]. Figures 1(c) and
1(e) illustrate the displacement patterns of X3 (a,a) and
X3 (a, 0) modes, which are characterized by tilting of NiOg
octahedra along [110] and [100]/[010] axes, respectively. The
displacement patterns of the X, modes are similar to those
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FIG. 2. Phonon band structures between the M(3,31,—1),

I'(0,0,0), and X (0, O, %) points for the parent /4/mmm phase with
a FM spin configuration (a) in the unstrained bulk state and (b)
under compressive strain (€, = —2%). The range of the vertical
axes lower than zero has imaginary unit. Treelike line diagrams
of La;Ni,O; summarizing the results of the stable-structure search
(c) in the unstrained bulk state and (d) under compressive strain
(e = —2%). Phases indicated by green and red colors are metallic
and insulating, respectively. Circles, squares, and triangles indicate
parent, dynamically stable, and unstable phases, respectively. Irreps
of unstable phonon modes are also shown.

of the X5 modes except a difference in the sense of tilts
between adjacent double perovskite blocks. After distorting
the parent structure according to these unstable modes, we
optimized the lattice constants and atomic coordinates under
the symmetry constraint. The X3 (a, a), X5 (a,0), X, (a, a),
and X (a, 0) distortions generate Amam, P4,/mnm, Bmcm,
and P4,/mcm phases, the total energies of which are —38,
—39, -5, and —5 meV/f.u., respectively, with regard to that of
the parent /4/mmm phase, as shown in Fig. 2(c). Subsequent
phonon calculations for the relaxed structures indicate that the
Amam and P4,/mnm phases are dynamically stable, while
the Bmcm and P4,/mcm phases still have unstable phonon
modes. Distorting the Bmcm and P4,/mcm structures ac-
cording to the unstable modes and optimizing the structural
parameters, they are relaxed to the dynamically stable Amam
and P4,/mnm phases, respectively. After the structural ex-
ploration, total energies are calculated for all the obtained
phases with the eight magnetic configurations. As a result, FM
spin configurations are the most stable for all the phases (see
Table S2 of the Supplemental Material [25]). Thus, our calcu-
lations reveal that either the Amam or P4,/mnm phase with
the FM spin configuration, possessing comparable energies, is
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the unstrained bulk ground state of La;Ni,O5. It is also found
that both the phases are metallic. The Amam structure and
its metallic behavior have been revealed by previous neutron
diffraction [14,30], electrical transport [8—10,14], and theoret-
ical studies [18]. The calculated lattice constants of a, b, and ¢
for the Amam phase are 5.36, 5.44, and 20.01 A, respectively
(see Table S7 of the Supplemental Material [25]), which are
close to the experimental values; a, b, and ¢ are 5.39, 5.45, and
20.50 A, respectively [14,30]. Here, it should be noted that the
structures characterized by tilting of oxygen octahedra along
[110] and [100]/[010] axes, which correspond to the Amam
and P4,/mnm phases for La;Ni,O7, are often energetically
competing in many other Ruddlesden-Popper phases [31,32].
The P4,/mnm phase could be an energetically competing
metastable phase at room temperature for La;NiO;. As for
the magnetic properties, La;Ni, O is experimentally reported
to be paramagnetic down to low temperatures [8,9,14], which
is different from our calculation results. Also for LaNiOs,
which is one of the most studied materials in the La-Ni-O
system, previous LDA + U studies reported that a ferromag-
netic state is stable [33], whereas paramagnetic behavior is
observed experimentally [34]. These results imply that it is
hard to correctly describe magnetic structures of La-Ni-O
system by DFT + U calculations because LDA + U hardly
describes spin fluctuations near the quantum critical point
[35].

Let us move to the exploration of the ground-state struc-
ture under epitaxial strain. Here, we define epitaxial strain
as €, = (a — ap)/ag, where a is an in-plane lattice constant
for /2 x ﬁ x 1 supercells, and ay = 5.37 A, which is
a theoretical value of the unstrained bulk /4/mmm phase.
The stable structure exploration is carried out under €, =
+2% in the same manner as in the case of the unstrained
bulk condition, starting from the FM 14/mmm phase, except
keeping in-plane lattice constants fixed [a = b = (1 + €;)ayp]
even for orthorhombic polymorphs, where a is not necessarily
equal to b in terms of symmetry. Figure 2(d) represents the
treelike line diagram summarizing the results of the structural
exploration at €, = —2%. Figure 2(b) shows the phonon band
structure of the parent FM [4/mmm phase at €, = —2%.
Two doubly degenerated unstable phonon modes transforming
like irreps X, and X3 are obtained. The X5 modes bring
the parent /4/mmm phase to Amam and P4,/mnm poly-
morphs, which are dynamically stable under the unstrained
condition but are dynamically unstable at €, = —2% (see
Fig. S4 of the Supplemental Material [25]). The Amam
polymorph is distorted by the unstable modes transforming
like the irreps Y;r and F;, resulting in Pnma and P2;/m
phases, respectively. The P4,/mnm polymorph transforms to
P2, /c and C2/m phases via unstable F;(a, 0) and I‘;(a, a)
modes, respectively. The C2/m phase still has an unstable
Y2+ mode, resulting in the P2;/c phase. The three phases
Pnma, P2,/m,and P2, /c are found to be dynamically stable
and energetically comparable to each other. Their relevant
distortions with respect to the /4/mmm phase are represented
by a combination of the same irreps X, @ X; but with
different order parameter directions, as shown in Table I,
indicating that these phases are structurally similar to each
other. The X, modes are characterized by breathing motion
of the NiOg octahedra, i.e., alternate stretching and shrinking

TABLE L. Space-group symbols (SG), space-group numbers (SG
No.), irreducible representations (irrep) of condensed modes, band
gaps (E,) in units of eV, and total energies (AE) in units of
meV/f.u. for structures obtained from stable structure exploration
under compressive strain (¢, = —2%) with ferromagnetic (FM) and
A2-type antiferromagnetic (AFM) configurations. The total energies
are relative to that of the FM /4/mmm phase.

FM AFM
SG (SG No.) Irrep E, AE E, AE
Pnma (62) X;(a,a)® X5(b,—b) 037 =21 0.64 -55
P2y/c (14) X, (a,a)® X5(b,c) 038 -21 0.63 -55
P2y/m (11) X;(a,a)® X;(b,b) 036 —-21 061 =55
Bmmb (63) X; (a,a) 029 —-10 0.61 -39
C2/m (12) X3(a,0) @ X,(0,b) Metal —14 Metal —31
P4/nmm (129) X5 (a,0) Metal —4 Metal —15
P4, /mnm (136) X5 (a,0) Metal —8 Metal —7
Amam (63) X5 (a,a) Metal —8 Metal —6

of the octahedra [Figs. 1(b) and 1(d)]. The X, (a,a) and
X5 (a, 0) modes are unstable for the parent /4/mmm phase,
leading to Bmmb and P4/nmm polymorphs, respectively.
The Bmmb phase has unstable tilting modes transforming like
irreps Y, and F; , leading to Pnma and P2;/m polymorphs,
respectively, which are the same phases as those obtained
through the Amam phase. On the other hand, the P4/nmm
phase has also unstable tilting modes transforming like irreps
F;r(a,O) and F;”(a,a), leading to the P2;/m and C2/m
polymorphs, respectively. Thus, we found the three dynami-
cally and most stable phases with Pnma, P2{/m, and P2;/c
space groups.

All of the obtained polymorphs with the eight magnetic
configurations are calculated after the structural search is
finished. As a result, the Pnma, P2;/m, and P2;/c phases
with the Al- and A2-type AFM configurations are the most
stable and energetically comparable to each other. Table I
enumerates the structures obtained from the stable structure
exploration at €, = —2% and their total energies and band
gaps for FM and A2-type AFM configurations. Interestingly,
the three dynamically stable phases and the Bmmb phase have
nonzero electronic band gaps, that is, they are insulating. All
the insulating phases involve the X, (a, a) breathing modes,
which are softened by the compressive strain. The breathing
mode is responsible for the opening of the band gap, as
confirmed by the dependence of the band gap on the amplitude
of the X, (a,a) mode (see Fig. S7 in the Supplemental
Material [25]). On the other hand, the band gaps are closed
for the structures involving the X, (a,0) breathing modes,
such as P4/nmm and C2/m, where breathing and undistorted
double perovskite blocks are stacked alternately [Fig. 1(d)].
The breathing distortion in all the blocks is responsible for
the insulating nature. Another interesting thing is that the
Al- and A2-type AFM configurations are energetically fa-
vored compared to the FM configuration for all the insulating
phases. These facts indicate that the compressive strain brings
about FM-AFM switching as well as the MI transition through
a strong coupling of lattice, charge, and spin degrees of
freedom. Hereafter, we focus on the A2-type AFM Pnma
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FIG. 3. Total energies of relevant structures as a function of
epitaxial strain with respect to that of the FM 74/mmm phase. The
energies of structures with FM and A2-type AFM configurations cor-
respond to open and filled symbols, respectively. The white blurred
area around €; = —0.3% indicates the phase boundary between the
A2-type AFM Pnma and FM P4, /mnm phases.

phase as the ground-state structure at €, = —2% since Pnma,
P2y/m, and P2;/c phases have very similar structures,
total energies, and band gaps. The structural parameters are
described in Table S8 of the Supplemental Material [25]. It
should be noted that the same ground-state phases are derived
when the crystal structure exploration starts from the A2-
type AFM I4/mmm phase at €, = —2% (see details in the
Supplemental Material, Sec. IV [25]). Meanwhile, under 2%
tensile strain, a metallic FM P4,/mnm phase is found to be
the most stable (see details in the Supplemental Material, Sec.
VI [25]).

Figure 3 plots the total energies of the relevant stable
phases as a function of the epitaxial strain with respect to
that of the FM 14 /mmm phase. The phase boundary between
the metallic FM Amam and insulating A2-type AFM Pnma
phases lays at €, = —0.3%. The moderate critical strain for
the MI transition may correspond to the experimental obser-
vation that La3zNi,O7 is a borderline metal.

A detailed analysis of the electronic band structures allows
us to understand the mechanism behind the strain-induced
MI transition. Figures 4(a) and 4(b) depict the electronic
band structures of the unstrained bulk and compressed (¢, =
—2%) FM Amam phases for majority (up) spin, respectively,
between I'(0,0,0) and Y (%, %,0) points. As illustrated in the
primitive Amam cell shown in Fig. 4(e), the I'-Y vector
(%a* + %b*) is parallel to the layers. The band structures of
both the unstrained bulk and compressed FM Amam phases
manifest themselves metallic behavior, irrespective of the
presence of strain. A common feature is that band crossing
occurs in the proximity of the middle point between I' and
Y, (J—l, %,O). One can see a slight difference in the two band
structures. The intersection is located slightly below the Fermi
level ef in the unstrained bulk state. On the other hand, 2%
compressive strain pushes up the intersection to €, tailoring a

situation that maximizes an energy gain by a Peierls transition
accompanied by condensation of the lattice mode at Y, which
leads to a band folding at (}1, }1,0). Figures 4(c) and 4(d) show
the band diagrams of the FM and A2-type AFM Pnma phases
at ¢, = —2%, which are derived from the Amam phase by the
Y;r distortion. The band diagrams are drawn along the line
connecting I'-X (%,0,0)-(1,0,0), which corresponds to the line
between I" and Y for the Amam phase. One can see band-gap
opening at the zone boundary, which stabilizes the electrons
near eg. Figures 4(f) and 4(g) depict the Fermi surface cross
section in a plane passing through I', Y, and Z, which is
parallel to the layer, for the unstrained bulk and ¢, = —2%
FM Amam phase, respectively. One can see that Fermi sur-
face nesting becomes more prominent for the compressively
strained state than for the unstrained bulk state, suggesting
the stronger Peierls instability under the compressive strain.
Thus, we find the subtle change in the band structure by
compressive strain to be an origin of the Peierls MI transition.
We also confirmed the Fermi surface nesting in the unstrained
bulk 74/mmm phase with the A2-type AFM configuration,
which shows the instability of breathing phonon modes, but
not for that with the FM configuration (see Figure S6 of the
Supplemental Material [25]).

Furthermore, the MI transition can also be elucidated from
the viewpoint of the effects of octahedral breathing on Ni d or-
bitals by having a close look at the difference in partial density
of state (PDOS) between the metallic and insulating phases.
Figure 4(h) shows atom-projected PDOS for the unstrained
bulk FM Amam phase. The bands around € consist mainly
of O 2p and Ni 34 states, which are strongly interacting with
each other. Here, we focus on how partially filled Ni 3d states
are affected by the breathing distortion. Figure 4(i) shows d-e,
PDOS for the ¢, = —2% FM Amam phase, which has just one
crystallographic Ni site. The bands near er are composed of
dy and d,>_ 2 (e) state, while completely filled d.,, d,., and
d, (1) states are lying below —1 eV (not shown), indicating
a low-spin configuration. The roughly half-filled d,>_,> states
are located above the mostly occupied d,: states; the in-plane
Ni-O bonds (1.87 A) are shorter than the out-of-plane bonds
(2.09 A). Meanwhile, in the FM Pnma phase, the breathing
lattice distortion results in two inequivalent crystallographic
sites of Ni ions: Nil and Ni2 sites. Figures 4(j) and 4(k)
depict d-e, PDOS for Ni ions at the Nil and Ni2 sites,
respectively. The locations of the two d-e, states are affected
by the deformation of the octahedra due to the breathing
mode; in particular, the d,>_,. states are strongly influenced
because four in-plane Ni-O bonds are involved. Since the Nil
site is enclosed by a deformed oxygen octahedron with four
elongated in-plane Ni-O bonds (1.90 A) and two compressed
out-of-plane Ni-O bonds (2.07 A), the dy>_y2» and dp states
are largely stabilized and a little destabilized, respectively.
Thereby, both the d» and d,>_,> states are fairly occupied.
On the other hand, because the Ni2 site is encompassed by
an octahedron with four compressed in-plane Ni-O bonds
(1.84 A) and two elongated out-of-plane Ni-O bonds (2.11 A),
the d,>_ > states are lifted up significantly while the d> states
are pushed down slightly, making the d,>_,» and d.> states
mostly empty and occupied, respectively. Thus, the breathing
lattice distortion causes a charge disproportion of the Ni d
electrons, which leads to the band-gap opening.
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FIG. 4. Electronic band structures of the (a) unstrained bulk and (b) ¢, = —2% FM Amam phases, and the €, = —2% (c) FM and (d)
A2-type AFM Pnma phases. The red broken line indicates Fermi level. The bands are drawn between I'(0,0,0) and Y ( %, %,O) points for
Amam and between I'(0,0,0) and (1,0,0) points for Pnma. (e) Schematic of a primitive cell for Amam structure and directions of lattice
vectors. Fermi surfaces of FM Amam phase (f) in the unstrained bulk state and (g) under 2% compressive strain when Uy = 7 eV. (h)
Atom-projected PDOS of the unstrained bulk FM Amam. (i) Orbital-projected PDOS for the d-e, states of Ni ions in €, = —2% FM Amam
and that of Ni ions at the (j) Nil and (k) Ni2 sites (see text for details) in ¢, = —2% FM Pnma.

We should mention the U dependence of the phase
stability and band gap (see Sec. VIII of the Supplemental
Material [25]). The values of U, higher than 6.5 eV are
required to obtain an experimentally observed metallic Amam
(or P4,/mnm) phase as an unstrained bulk ground state
[14,30]. For this reason, we mainly use U = 7 €V, which is
comparable to or larger than those used in previous theoretical
work for La-Ni-O systems, U = 4.75 [18,36,37], 5 [38], and
7 eV [39]. In particular, we have confirmed that the Fermi sur-
face nesting by compressive strain occurs with U = 3, 5 €V,
but it does not occur with Uer = 0, 1.5 eV (see Figs. S10 and
S11 of the Supplemental Material [25]). These results indicate
that the MI transition with Peierls mechanism occurs in the
wide range of U (= 3 eV). At Uegr = 6.5 eV or lower, the
unstrained bulk ground state is the insulating A2-type AFM
Pnma phase. The energetics for the FM Amam and A2-type
AFM Pnma phases is attributed to the magnetic interactions,
the instability of breathing distortion, and the spin-phonon
(lattice) coupling, the Ui dependence of which results in
the interesting observation that the ground state is switched
from insulating to metallic with an increase in Ues. The band
gap of the A2-type AFM Pnma phase becomes narrower
with an increase in Uy above 5.5 eV. This trend is in sharp
contrast to Mott-Hubbard and charge-transfer insulators, for

which higher Ugy values lead to larger band gaps. One can
see clear correlation between the band gap and the amplitude
of the breathing mode as a function of U (see Fig. S8(b) of
the Supplemental Material [25]). On the other hand, at Uy =
1 eV and lower, the unstrained bulk A2-type AFM Pnma
is relaxed into a nonmagnetic metallic Amam phase. The
insulating states are not stabilized in this small-U.y regime
as in Mott-Hubbard type or charge-transfer insulators. Both
the onsite Coulomb repulsion and the breathing distortion are
necessary for the band-gap opening in this material.

Lastly, we compare the mechanisms behind MI transi-
tions in various nickelate perovskite derivatives for system-
atic understanding. In rare-earth nickelate simple perovskites,
temperature-induced MI transitions are observed. As the ionic
radius of the rare earth is decreased, the MI transition temper-
ature becomes higher [40—43]. The MI transition is concomi-
tant with a structural transition from orthorhombic Pnma to
monoclinic P2;/c phases, which involves a breathing distor-
tion of the NiOg octahedra and hence a disproportionation of
the Ni sites, Ni-O bonds, and charges [42]. But, key factors for
the MI transition and structural transition are not completely
understood yet, although it has been intensely debated; both
local correlation effects such as onsite Coulomb repulsion
and Hund coupling [44] and band-structure effects such as
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charge fluctuation [45] and Peierls transition [46] have been
proposed as the key factors. Recently, the mechanism of the
dramatic increase in resistivity of an oxygen-deficient triple-
layered Ruddlesden-Popper phase LasNizOg at 105 K has
been identified as charge ordering of Ni ions by synchrotron
x-ray diffraction [47] and first-principles calculations [36]. A
combination of buckling distortion of the NiO, planes and
antiferromagnetic ordering results in the insulating charge-
ordered state (3Ni'3** — 2Ni* + Ni*") [36]. In this study,
we revealed that in La3Ni O, as in the compounds mentioned
above, the MI transition is accompanied by subtle lattice dis-
tortions; the octahedral breathing modes generate inequivalent
Ni sites and hence lead to charge disproportionation, resulting
in the insulating state. Our calculations show that both the
local electronic correlation effect such as Uer = 3, 5, and 7
eV and band-structure effect such as the Fermi surface nesting
are key factors for the MI transition.

In conclusion, we have investigated the epitaxial-strain
dependence of crystal, electronic, and magnetic ground-state
phase stability of LazNi,O; from first principles. We found
that while unstrained bulk LazNi,O; is metallic and FM,
moderate compressive strain drives it to an insulating and
AFM phase, demonstrating a strong coupling of spin, charge,

and lattice degrees of freedom. The subtle modification of the
electronic band structure by compressive strain enhances a
Peierls instability, leading to the NiOg octahedral breathing
distortion. The band-gap opening microscopically originates
from the opposite 3d-e, level shifts of the inequivalent Ni ions
generated by the breathing distortion. Our study thus shows
that the lanthanum nickelate is a possible platform where the
electric conductivity can be tuned by external fields such as
strain via a strong lattice-charge-spin coupling.
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