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Ab initio study of sodium ordering in Na,;5C00, and its relation to Co**/Co** charge ordering
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Charge ordering and Na-vacancy ordering in Nag;5Co0O, are investigated using first-principles electronic
structure methods within the generalized gradient approximation (GGA) and GGA+ U approximations. We find
that Na ordering is determined not only by a competition between different Na site energies and Na*-Na*
repulsion, but also by the Co*"-Na* repulsion when charge localization occurs. We predict a ground-state
structure for Nag 75C00, in good agreement with experimental transmission electron microscopy and neutron-
diffraction data and find that Co®*/Co** charge ordering is strongly coupled to the Na-vacancy ordering.
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The unusual electronic properties of Na,CoO, make it a
material of considerable interest. Near x=~0.75 it displays a
remarkable combination of high electronic conductivity and
high Seebeck coefficient,! while for low Na content the hy-
drated form of the material is superconducting.>? Na,CoO, is
also an interesting material to test our basic understanding of
mixed valence transition metal oxides. Na can be removed
with ease either chemically? or electrochemically,* making
it possible to vary the average valence of the Co ions in a
controlled way. Mixed Co**/Co** systems tend to display
rich physics as they are often close to spin transitions or
metal insulator transitions. Indeed, the related system,
Li,CoO, shows a variety of phase transition’” including a
strong first-order insulator-to-metal transition as Li is re-
moved at room temperature.®°

Because of the high mobility of Na in Na,CoO,, Na-
vacancy ordering is likely in Na,75C00,. This ordering will
break the symmetry on the Co sublattice and may assist in
charge ordering of Co** and Co**. Indeed, nuclear magnetic
resonance (NMR),!? optical conductivity, and x-ray absorp-
tion spectroscopy (XAS) measurement'!! indicate the pres-
ence of distinct Co** and Co**. Given the potential coupling
between the Na-vacancy ordering and the electronic structure
it is important to accurately establish the structure of this
material. In this paper we use both standard density func-
tional theory (DFT) in the generalized gradient approxima-
tion (GGA) as well as GGA+U calculations to investigate
Na-vacancy and Co**/Co*" charge ordering in Na ;5C00,.

The structures of layered oxides are usually named using
the convention by Delmas et al'®> The P2 structure of
Nag 75C00, consists of Na layers stacked between layers of
edge-sharing CoOg octahedra. While similar to the P3
structure,' which is the stable form of NaCoO,, the P2 type
is characterized by a different stacking sequence of the close-
packed oxygen atoms (i.e., ABBAABBA) with the oxygen
atoms on each side of the Na layer directly facing each other.
This stacking leads to two types of prismatic sites for the Na
ions: The prism of the Na(1) site share faces with a Co oc-
tahedron above and below, while the Na(2) site only shares
edges with Co octahedra. Though one might suspect the
Na(1) site to be less favorable due to the electrostatic inter-
action with the Co ions, a neutron diffraction study indicates
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a relative occupancy of 1:2 for Na(l) and Na(2) in
Na0.75C002.15

The most detailed study of Na-vacancy ordering in
Na,CoO, has been reported by Zandbergen et al.'® Using
electron diffraction for compositions in the range 0.15<x
=<0.75 they found clear evidence for Na vacancy ordering in
the region 0.5<x<0.75 and proposed a 4 X \3 supercell for
the in-plane Na-V ordering in Na,75C00,, as shown in Fig.
1(a). In this structure, diamondlike lines of Na(1) alternate
with Na(2) giving equal occupation of both sites. A recent ab
initio study (LDA) by Zhang et al.'” claims to confirm this
ordering as the ground-state structure for Naj ;5C0o0O, though
it is not clear which other Na-vacancy arrangements were
compared at that composition. The ordering proposed so far
is not consistent with the 1:2 site occupancies for
Na(1):Na(2) obtained from neutron diffraction,!>!® and the
Na?* NMR study on Naj,CoO, at x~0.70 by Mukhamed-
shin et al.'® The latter authors give evidence for three distinct
Na sites, one vertically aligned with Co and two on top of the
centers of triangles of Co ions, corresponding to Na(1) and
Na(2) sites, respectively.

By analyzing the energies and electronic structure associ-
ated with different Na-vacancy arrangements within
Nag 75C00,, we find that there exists a strong coupling be-
tween the charge ordering of Co**/Co*" and Na-vacancy or-
dering, provided that charge localizes around Co. Our results
also suggest a structural model for Naj 75CoO, which is dif-
ferent from the ones previously proposed, yet in better agree-
ment with the available TEM and neutron-diffraction data.

Our calculations are based on density functional theory
within the generalized gradient approximation with Perdew,
Burke, and Ernzerhof (PBE) exchange correlation
functional'® as implemented in VASP. Ab initio PAW (Refs.
20 and 21) pseudopotentials are used. For the GGA+U the
Liechtenstein scheme® with U=5 eV for Co is used. This
value of U is between the values of U=4.91 eV for Co** and
U=5.37 eV for Co** obtained with first-principles perturba-
tion theory? in Li,C00,.* Calculations are ferromagneti-
cally spin polarized and all unit cells are fully relaxed. The
plane wave energy cutoff is 450 eV and Brillouin Zone inte-
gration is done on a 3 X5X3 Monkhorst-Pack mesh. Be-
cause of their spurious self-interaction GGA (and LDA) tend
to overly delocalize charge and produce Co of average va-

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.172103

BRIEF REPORTS

4VV3a,,

(@) @ Na(l) (b)

© Na(2)
e Co

(© @

FIG. 1. (Color online) Ordered structures of Nay 7;5C00, (a) dia-
mond pattern: diamond Na(2)-vacancy—diamond Na(1)-vacancy;
(b) zigzag pattern: double-zigzag Na(2)-vacancy-single zigzag
Na(1)-vacancy; (c) row pattern: single-row Na(1)-vacancy—double-
rows Na(2)-vacancy; (d) FHC pattern: Na(l)-vacancy—filled-
honeycomb Na(2)-vacancy. Insets: simulated electron diffraction
patterns for a sample with thickness of 10 nm under 200 keV
e-beam from [001],,., zone axis.

lence Co*** rather than distinct Co®* and Co**.?* In the
GGA+U approach the self-interaction of the Co-3d transi-
tion metal states is removed by projecting them out onto a
Hubbard model.?>? This has been shown to lead to proper
charge localization in transition metal oxides and phosphates
and correct qualitative errors in phase stability that occur in
the GGA approximation.?*?% To compare structures with the
experimentally obtained electron diffraction patterns, dy-
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namic diffraction calculations were performed with
CRYSTALMAKER-SINGLECRYSTAL software for a specimen
thickness of 10 nm with a 200 keV electron beam.

We investigated three Na-vacancy arrangements for
Nay;5C00, compatible with the 4 X \3a,., supercell in the
Na layer as identified by TEM,'® and one other cell compat-
ible with the 1:2 occupancy of Na(1):Na(2) sites as reported
by neutron diffraction.!® We report for each structure only
the three-dimensional stacking with lowest energy and dis-
cuss the influence of stacking later. Figure 1(a) shows the
ordering proposed by Zandbergen et al.'® The structure
shown in Fig. 1(b) is the one we find to be the lowest in
energy. It consists of patterns of zigzag lines of Na(2) and
Na(1). Two zigzag lines of Na(2) alternate with a single zig-
zag line of Na(1), giving a 1:2 occupancy ratio of Na(l) and
Na(2). The structure shown in Fig. 1(c) has the same 1:2
occupancy ratio for the Na(1) and Na(2) sites, though the
supercell in the Na plane is 213 X 1aye,. This structure con-
sists of straight rows of Na(1) and Na(2). Two straight lines
of Na(2) alternate with a single straight line of Na(l). Fig.
1(d) shows ordering of Na(1) and Na(2) with the occupancy
ratio of 1: 5, a filled honeycomb (FHC) pattern of Na(2) is
formed in this structure. We refer to these four structures as
the diamond, zigzag, row, and FHC. Their energies in GGA
and GGA+U are given in Table I and are referenced with
respect to the energy of the zigzag structure. While in GGA
we find the zigzag structure to be 0.2 meV lower than the
row structure, and 0.6 meV lower than the FHC structure,
these values are well within the numerical errors of our
method, and the three arrangements can therefore be consid-
ered degenerate within the GGA. In the GGA + U the zigzag
structure is well below the row and FHC structures. Notice
that though we used U value derived from the Li,CoO, sys-
tem, we have tested our conclusions with several different U
values and found that the results are very consistent.

We also probed the relation between Co charge ordering
and Na-vacancy ordering. Spin and charge integration in a
sphere around the Co ions can be used to determine the va-
lence of each Co ion. As expected, we find that the charges
on all Co are identical to the GGA and no distinct Co** ions
exist in the structures we calculated. In GGA+U, charge
localization occurs and one quarter of the Co ions have mag-
netic moments of approximately 1 (in unit of electron spin)
as expected for low-spin Co**. In all cases the +4 state forms
on a Co ion which has its neighboring Na(1) sites unoccu-
pied, consistent with the strong repulsion between face-

TABLE 1. Calculated energy and lattice parameters.

GGA GGA+U
diamond Zigzag row FHC diamond zigzag oW FHC
AE* (FM) 9.9 0 0.2 0.6 33 0 36.1 7
(meV/Co)
2a (A) 2.869 2.861 2.896 2.867 2.849 2.852 2.887 2.853
c (A 10914 10.846 10.855 10.855 10.999 10.955 11.008 10.977

“Experimental measured lattice parameters a=2.84 A and ¢=10.81 A (Ref. 15). Note that the calculated a
lattice parameter is extracted from the 4 X \3ay., supercell.
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sharing Na(1)Og prisms and Co'VOg octahedra.

While GGA and GGA+U predict the same Na-vacancy
ground state for Naj;5Co0,, there are distinct differences
between the two methods. Within GGA, the strong self-
interaction of d electrons leads to complete charge delocal-
ization among the Co ions and the energy difference between
the four different arrangements is solely a competition be-
tween the difference in Na(1) and Na(2) site energy, and the
electrostatic repulsion between Na ions. The zigzag, row, as
well as FHC structures are lower in energy than the diamond
structure which has more Na(1) sites occupied. Though the
FHC structure has the lowest Na(1):Na(2) ratio, the Colum-
bic repulsion among the pile of Na(2) ions in the filled-
honeycomb pattern raises the total energy. Hence the energy
of these structures arises from a delicate balance between the
site energies and the Na-Na repulsion. In addition, as can be
observed in Figs. 1(b) and 1(c), the zigzag and row have a
similar local in-plane environment of Na ions: Na(2) has on
average four Na(2) nearest neighbors and Na(l) has on av-
erage two Na(l) nearest neighbors. Within GGA, where
charges on Co are delocalized, the degeneracy of these two
structures is therefore to be expected based on their similar
nearest neighbor environments.

Removal of the self-interaction on the Co-3d states allows
the electrons to localize and form distinct Co** and Co** in
the GGA+U method. This has a significant effect on the
relative energies of the different Na-vacancy orderings. In
GGA+U, the energy differences between zigzag, row and
FHC become larger and the energies of the row and FHC are
now above that of diamond. This can be understood from the
distinct Co environments that each Na-vacancy ordering cre-
ates. Figure 2 shows the spin density in a Co layer (each Co
is indicated by a black dot), plotted together with the Na-
vacancy layers above (left figure) and below (right figure).
Co* (around which a higher net spin is seen) forms on Co
sites that have no face-sharing Na(1) occupation and with as
few as possible Na(2) nearest neighbors. In the FHC struc-
ture, these Co** sites have four nearest-neighbor Na(2) ions
(two above and two below the Co layer). In the zigzag struc-
ture the Co** ion is surrounded by only three nearest neigh-
bor Na(2) ions (two in one layer and one in the other), hence
it has substantially lower energy. By creating distinct Co>*
and Co*" in GGA+U, the energy difference between zigzag
and diamond becomes less than in GGA, since in diamond
Co™ has only two nearest neighbor Na(2) ions (one in each
layer), and the charge localization in GGA+U has reduced
the formal charge on the Co ions that face-share with Na(1)
to +3, instead of +3.25 in the GGA. Hence, the penalty for
Na(1) occupation is reduced in GGA+U. For each Na-
vacancy ordering in the 4 X3 cell the Co**/Co®* charge
ordering forms a 2% 3 cell as shown in Fig. 2(a) by the
dotted line. In the row structure, the smaller Na-vacancy su-
perstructure cell does not allow for such a Co**/Co®* cell
and the inability for Co** and Co** to charge ordering into
preferred sites raises its energy considerably in GGA+U,
hereby illustrating the coupling between Na-vacancy order-
ing and charge ordering.

Based on the GGA and GGA+ U results we believe that
the structure of Naj;5Co0, is one where Na and vacancies
are ordered in a double-zigzag Na(2)-vacancy—single-zigzag
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FIG. 2. (Color online) GGA+ U calculated spin density plots of
CoO, planes in the ordered structures of Naj;5CoO, with 4
X \3ayey supercell with the pattern of (a) diamond, (b) zigzag, (c)
FHC. The Na-vacancy planes above (left) and below (right) the
CoO, planes are shown for a clearer view of Co** local
environment.

Na(l)-vacancy pattern as shown in Fig. 1(b), rather than in
the diamond pattern as previously proposed.'®!” Neither
GGA nor GGA+U predicts the diamond pattern as having
the lowest energy. The zigzag pattern has the lowest energy
within GGA+U and is degenerate with the row and FHC
pattern in GGA. For this system the GGA + U method, which
gives distinct Co** and Co®* ions, is more consistent with
experimental data such as NMR, optical spectroscopy, and
magnetic measurements.'*!! The occupancy ratio of Na(1) to
Na(2) is 1:2 in the zigzag structure, in good agreement with
the neutron-diffraction results.'> To further test our predic-
tion, we also simulated the electron diffraction patterns for
the zigzag ground state and find that it agrees well with the
experimentally observed pattern from Zandbergen et al.'®
Figures 1(a), 1(b), and 1(d) show the simulated electron dif-
fraction patterns for all three structures with the 4 X \/gahex
supercell. Both the diamond and FHC structure have diffrac-
tion intensity at 1/2a,;, or 1/2a 1,o(marked by circles in Fig.
1) while this intensity is absent in the experimental patterns
in Fig. 1 of Ref. 16. We tested several stacking variants of
the diamond and row structure and found that either 1/2a,
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or 1/2a_y,o reflections are always present indicating that they
are intrinsic to the in-plane Na-vacancy ordering.
Zandbergen'® already pointed out this potential discrepancy
between their TEM data and the structure they proposed but
attributed the extra reflection to possible double diffraction.
The zigzag ordering, however, does not show these reflec-
tions. While the simulated electron diffraction pattern of the
zigzag ordering in its lowest-energy stacking sequence does
exhibit extra reflections not observed experimentally
[marked with arrows in Fig. 1(b)], simulations for different
stacking sequences of the zigzag ordering demonstrate that
these reflections change with the stacking sequence. Hence,
we suggest that the absence of these spots in experiment
could result from stacking disorder of the zigzag arrange-
ment along the ¢ axis. Such stacking variance along the ¢
axis in Na,CoO, has been observed and discussed.'®

In conclusion, we find that significant factors compete to
determine the Na-vacancy ordering with lowest energy. It
was previously already pointed out that Na*-Na* repulsion
competes with the Na(1)-Na(2) site energy difference, even
in the absence of any Co**-Co*" charge ordering.!” Charge
localization into distinct Co’* and Co**, as obtained in
GGA+U, leads to several other factors that can control the
Na-vacancy ordering: Co** requires sites with no Na(1)
neighbors and as few as possible Na(2) neighbors. In addi-
tion, the reduction of charge on Co’* by the formation of
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Co** leads to Na(1) sites with lower site energy than for the
system with delocalized Co®?>* charge. Hence, in contrast to
the claim in Ref. 17 we find a significant coupling exists
between Co®*/Co** charge ordering and Na-vacancy order-
ing. On the cons of the GGA+ U results, we also propose a
ground-state structure for Naj;5CoO, which is consistent
with available experimental information (if some stacking
disorder is allowed). One final implication of the coupling
between the Na* and Co** is that samples with very different
Na-vacancy ordering (either in-plane or perpendicular to the
Na layers) may have somewhat different electronic behavior.
In particular, when Na-vacancy ordering is not perfect, the
system may be unable to create low energy sites on which
holes can condense to form Co**. This can be observed in a
previous LDA+U study by Okabe et al.?’” who could not
achieve complete charge disproportion to Co®* and Co** be-
cause an improper Na-vacancy ordering was used. It would
be of interest to reinvestigate the electronic properties of
samples with different cooling rates (to control ordering) in
this light.
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