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ABSTRACT: By performing first-principles calculations, we find
that the predominant spin exchange of a hexagonal CoO, layer is in
proximity to the ferromagnetic-to-antiferromagnetic transition
point. Its magnetic ground state can be easily altered by, e.g,
substrate dielectricity and strain. In addition, the dopability of a
stack of CoO, layers is found to sensitively depend on the
interlayer distance, which not only renders effective manipulation
of the electronic property but also reveals an important

intercalation effect in related bulk materials.

B INTRODUCTION

The hexagonal CoO, layer is the building block of lithium or
sodium cobalt oxides. These materials show excellent thermal
and ionic transport properties, which have found important
applications in thermoelectricity”” and rechargeable bat-
teries.” > The discovery of superconductivity in hydrated
Na,Co0,yH,0(y = 1.3)° put forth the CoO, layer as a new
platform to study strong correlation physics in parallel to the
CuO, layer in high T. superconducting cuprates, which
generated a surge of investigations in the prepnictide era.” "
A novel challenge is to account for strong correlation,
geometry frustration, and the complicated effects induced by
the intercalated elements simultaneously.””'*"?

In the past years, both the CuO, monolayer'*'” and the
FeSe monolayer'® have been successfully grown by molecular
beam epitaxy (MBE), which renders an unprecedented
transparent study of the essential building blocks of strongly
correlated materials. Some preliminary MBE data have been
collected, suggesting that a CoO, monolayer can be fabricated
similarly.'” Free from the intercalation complications, a high-
quality MBE CoO, monolayer is not only of technical interest
but also expected to clarify the intrinsic strong correlation
physics. At the same time, epitaxial Na,CoO, thin films have
already been grown by pulsed laser deposition.'®

In this paper, we predict eflicient tunability of the magnetic
and electronic properties of the two-dimensional (2D) CoO,
layer based on first-principles calculations. On the one hand,
we find that the magnetic interactions in a CoO, layer can be
nicely described by a nearest-neighbor Heisenberg model. The
spin exchange parameter is in proximity to a ferromagnetic
(FM)-to-antiferromagnetic (AFM) transition point, and thus
the magnetic ground state can be manipulated by some
external knobs, such as substrate dielectricity and strain. On
the other hand, dopability of a stack of CoO, layers is found to
sensitively depend on the interlayer spacing. In particular,
when the interlayer spacing increases from ~5 A, as in bulk
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Na,Co0,, to ~10 A, as in H,O-intercalated Na,CoO,, the
electron-doped (CoO,)” layer undergoes a spontaneous
overflow of electrons, which forms interlayer conducting
channels.

B COMPUTATIONAL METHODS

Our calculations are performed using the Vienna Ab initio
Simulation Package (VASP)."” The projector augmented wave
method® is employed to deal with ions and core electrons,
while the exchange—correlation functional of the valence
electrons employs the generalized gradient approximation
parametrized by Perdew, Burke, and Ernzerhof (PBE).>' The
cutoff energy of plane-wave basis is 600 eV. The structures are
fully relaxed until the force is less than 0.01 eV/A. The
localized Co 3d-electrons are treated with the rotational-
invariant DFT+U correction.”

B RESULTS AND DISCUSSION

Figure la schematically shows an epitaxially grown CoO,
monolayer, structurally similar to the T-phase transition
metal dichalcogenides (TMD), in which each Co atom is
located at the center of an octahedron formed by six O atoms.
This 2D sheet tiled by edge-sharing CoOy4 octahedra is also
structurally similar to bulk CoO,, the end member of a
Na,CoO, compound. The relaxed lattice constant is 2.845 A,
close to that of the bulk hexagonal phase (2.822 A).”* In the
bulk Na,CoO, compound, such CoO, layers are stacked in an
ABC sequence, with Na ions intercalated in the interlayer
space. Because previous studies’* have revealed that the
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Figure 1. (a) Schematics of an epitaxial 2D CoO, layer; (b) calculated magnetic configurations in the rectangular supercell formed by the Co
atoms; and (c) DFT+U energy per primitive cell as a function of the magnetic configuration. The stripe AFM configuration (#24) is chosen as the
energy reference, and zpy; denotes the average percentage of the FM bonds.

interlayer spacing has a more pronounced influence on the
properties, here, for simplicity, we use a unit cell with only one
monolayer for simulation and the bulk limit is approached by
reducing the vacuum distance normal to the basal plane of the
monolayer. We have also inspected the effect of a more
complex stacking sequence such as ABC-stacking” and found
the predicted physics still holds (Figure S1). In the 2D limit,
monolayer CoO, is simulated in a freestanding form whose
dynamical and thermal stabilities are confirmed by our phonon
spectra calculation and ab initio molecular dynamics
simulation, respectively (Figure S2), and the substrate effects
on its correlation strength and lattice constants are investigated
by altering the +U parameter and the in-plane strain,
respectively.

We first benchmark our calculation with the pioneering DFT
+U study on pristine CoO, layers done by Louie’s group in
2004."° This previous calculation was mainly designed to
reflect the three-dimensional (3D) bulk properties by employ-
ing an interlayer spacing d = 6.5 A, located between the values
of the unhydrated and hydrated Na,CoO, samples. Using the
same structural and +U parameters (U, = 5.5 eV; ], = 0.9 eV),
the insulating band structure under the FM spin configuration
can be nicely reproduced. The magnetic moment per unit cell
is 1 pp, indicating a low-spin § = 1/2 state of the Co*" ion.
Further increasing d to 16.5 A to simulate the 2D limit results
in little change, indicating that the interlayer coupling is
already weak enough at d = 6.5 A. We note that previous
experiments showed that such a large interlayer spacing could
no longer be held in the 3D bulk with depleted intercalated
ions, resulting in a transition from a quasi-2D insulator to a 3D
metal.”® In this respect, the 2D physics associated with the
pure CoO, layers can only be reached in an epitaxial form.

The magnetic structure of the pristine CoO, layer remains
unclear. We thus extend the calculations from a single FM spin
configuration to over 20 different spin configurations in a large
rectangular supercell formed by the Co atoms (Figure 1b). The
magnetic moment localized at each Co ion is ~1 g for all of
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the considered spin configurations. We calculate their total
energies using the structure relaxed from the FM configuration.
These spin configurations are sorted with respect to the
average percentage of the FM bonds (zpy): zpy = 1
corresponds to the FM configuration (#1) and zgy = 1/3
corresponds to a stripe AFM configuration (#24). Note that on
a triangular lattice, it is impossible to reach zgy; = 0 in a
classical picture. It is surprising to notice that the total energies
are almost degenerate at U, = 5.5 eV, as if the spins are largely
free (Figure 1c). We exclude geometry frustration or symmetry
as the origin because the degeneracy can be removed by
selecting different +U parameters (Figure 1c). Specifically,
decreasing U makes the FM bond energetically unfavored,
whereas increasing U acts oppositely.

Under a given U, the over 20 DFT+U energies can be nicely
fitted by a single-parameter Heisenberg model H = —J;; 3"y §;
- §;, in which (i, j) labels the nearest pair of two Co*" ions, S is
the 1/2 spin operator, and Ji is the effective spin exchange.
The correlation coefficient R* is above 0.987, and this good
fitting quality remains even when some spin configurations
generated in other supercells are included (Figure S3). As
shown in Figure 2, the fitted Ji; shows a strong linear
dependence on U, within the tested range. This outcome is
understood as a competition between the FM direct exchange
and AFM superexchange, both of which arise from the
Coulombic interactions associated with Co 3d-orbitals, and
importantly, U, = 5.5 eV happens to be around the balance
point. Specifically, the FM direct exchange mainly arises from
the d-shell overlap of two Co ions, which is primarily an atomic
property largely insensitive to the U, parameter. On the other
hand, the AFM superexchange is associated with a virtual
transition between Co d° and d° states, and scales as 1/U,,.
Therefore, the balance between the FM and AFM exchange
can be upset by tuning the U, strength. It is worth mentioning
that unlike the magnetic ground state, the insulating gap is
quite stable under different +U parameters (Figure S4).
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Figure 2. Fitted nearest-neighbor Heisenberg exchange as a function
of U and strain. The error bars on the zero-strain data points indicate
the root-mean-square of the residual from the sampled magnetic
configurations.

We note that in the previous calculations of bulk Na,CoO,,
while the employed ] values are close, the U values associated
with Co 3d-oribtals vary from 3 to 5.5 eV.'”'"**”** Our own
U-value calculation based on the linear response approach”
gives a very similar result to ref 10 and increasing the interlayer
distance to reach the 2D limit only slightly enhances U to 5.6

eV. In practice, the effective Coulombic repulsion of an
epitaxial thin film can be modulated by the dielectricity of the
substrate and charge doping. This tunability has already been
demonstrated experimentally for iron-based superconduc-
tors.””*" The strong dependence of Ji; on U and its proximity
to the sign-changing point renders effective tunability of the
magnetic property of the CoO, layer. As a further
demonstration, we show in Figure 2 that the FM-to-AFM
transition can also be realized by applying a few percents of in-
plane biaxial strain under fixed U. The overall trend is that the
compressive strain pushes Jy to the AFM side and slightly
decreases the slope of J;;(U), whereas the tensile strain acts
oppositely.

We now turn to consider charge doping into the 2D CoO,
layers. We first show that without doping, the insulating gap is
nearly unchanged under different magnetic configurations
(Figure 3a). In combination with the fact that the number of
valence electrons per primitive lattice cell is odd, these results
naturally coincide with the common perception that the
pristine CoO, insulating state is of the Mott nature. The
doping calculation below is performed within a primitive cell
under the FM configuration.

For bulk samples, a high doping level close to one electron
per Co can be achieved by Li and Na intercalation, reaching a
nominal (CoO,)” stoichiometry. In ref 10, this limit is
simulated by adding one electron per primitive lattice cell and
a compensating uniform positive charge background. Follow-
ing the same recipe and using an interlayer spacing d = 6.5 A

(a) Co0, (b)

Density of State

(Co0,)"! (©) NaCoO,
d=52A T | d=52A
~—] 5 H ! T
,,,,,,,,,,,,,,,,,,,,,, P I S S

Interlayer Spacing (A)

Figure 3. (a) Density of states (DOS) of an undoped CoO, layer under different magnetic configurations; the band structure of (b) (CoO,)” and
(c) NaCoO, with varying interlayer spacing d. The thickness of the cyan fat lines represents the weights of Co-d orbitals; (d) energy gap
dependence of the interlayer distance for CoO, (orange) and (CoO,)~ (blue) layers and interlayer charge & of (CoO,)~ (red) as a function of the
interlayer distance; and (e) charge distribution of selected electronic states as labeled in (b) and (c).
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(the in-plane lattice constant is relaxed and found to be almost
invariant upon doping), again, we can nicely reproduce the
nonmagnetic band insulating state containing an even number
of valence electrons. However, in contrast to the undoped case,
where increasing d leads to little change, the band structure of
(Co0,) varies dramatically as the layers are further separated
apart. We should point out that the charge neutrality has been
restored by the positive charge background. Therefore, this
variation is not related to the long-range Coulombic potential
of charged systems. As shown in Figure 3b, the general trend is
the downward shift of some free-electron-like bands. An
examination on the charge distribution of these bands confirms
that they are interlayer states (Figure 3e). When these
interlayer bands intersect the Fermi level, a fraction of the
original Co d-bands becomes unfilled, signifying a spontaneous
overflow of the electrons to the interlayer space. When the
interlayer space shrinks, these interlayer electrons are squeezed
back to the CoO, layers. The emergence of low-energy
interlayer states significantly reduces the energy gap (Figure
3d), leading to interlayer conducting channels. In analogy to
the formation of an electride,*>*® this overflow can be viewed
as a decomposition of (CoQ,)~ into (C00,)*™! + ¢%, and § can
be used as a measure of the dopability of the CoO, layer
(Figure 3d).

Based on these results, we conclude that the dopability of
Co0, layers sensitively depends on the interlayer spacing. It is
most difficult to dope a CoO, monolayer to the Co®" limit, but
when these monolayers stack up, this doping bottleneck will be
gradually released as the film thickness approaches to the 3D
limit. To ensure that these results are not artifacts of the
compensating charge background, we have also calculated the
band structure of NaCoO, with a manually increased distance
between the Na layer and the CoO, layer (Figure 3c). The
same band evolution is observed: when there is plenty of
interlayer spaces, fewer electrons can be transferred from Na to
the CoO, layer, and some free-electron-like interlayer bands
emerge.

This observation suggests the interlayer states as a
potentially important ingredient to understand the super-
conductivity in hydrated Na,CoO,.°° A prominent effect of the
intercalated water molecules is to double the distance between
the CoO, layers from about S to 10 A. According to our
results, the interlayer states already sink below the Fermi level
under such a large interlayer spacing. A parallel can be drawn
with graphite intercalation compounds (GIC). Many experi-
ments have demonstrated that intercalating alkali or alkali
earth elements can induce superconductivity in graphite.’*
Similar interlayer states are also noticed in calculation and are
shown to have a close correlation with T..>> We should also
emphasize that the strong correlation nature of the CoO, layer
is distinct from the graphene layers. The relative role of the Co
3d-electrons and the interlayer states and the superconducting
pairing mechanism still require further investigations.

B CONCLUSIONS

In conclusion, by performing first-principles calculations, we
reveal interesting magnetic and electronic properties of the 2D
Co0, layer, which is the building block of lithium or sodium
cobalt oxides. We first show that Co—Co magnetic interaction
in a neutral CoO, monolayer can be well mapped to a nearest-
neighbor Heisenberg model. The exchange parameter Jy is in
proximity to the ferromagnetic-to-antiferromagnetic transition
point, therefore the ground state magnetic configuration can be
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conveniently manipulated. In the multilayer case, we discover
that the dopability has a close connection with the interlayer
spacing. When the interlayer spacing is increased, the electron-
doped (Co00O,)” layer undergoes a spontaneous overflow of
electrons, which forms interlayer conducting channels. These
free-electron-like states are reminiscent of the widely studied
superconducting GIC. The predicted efficient tunability of
both magnetic and electronic properties not only extends the
applications of CoO, thin films to new territories but also
sheds new light on the strong correlation effects long debated
in CoO,-based materials.
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