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Doping evolution of the Fermi surface topology of Na,CoO, is studied systematically. Both local
density approximation (LDA) and local spin density approximation (LSDA) predict a large Fermi
surface as well as small hole pockets for doping levels x ~ 0.5. In contrast, the hole pockets are
completely absent for all doping levels within LSDA + U. More importantly, we find no violation of
Luttinger’s rule in this system. The measured Fermi surface of Naj;CoO, can be explained by its half-
metallic behavior and agrees with our LSDA + U calculations.
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Detailed knowledge of the Fermi surface topology is
important for understanding various properties of metals.
In the conventional BCS theory of superconductivity,
electron-phonon couplings, and hence the superconduct-
ing transition temperature, depend sensitively on the
electronic structure near the Fermi surface. In most un-
conventional superconductivity scenarios, the low energy
excitations and pairing interactions of the system are
presumably also determined by the electronic structure
near the Fermi surface. Therefore, an accurate description
of the Fermi surface is critical for both types of super-
conductivity. Recently, the discovery of superconductiv-
ity [1] in hydrated Na,CoO, has generated renewed
interest in this material and much effort has focused on
the understanding of its normal state electronic properties
[2—-9]. One central issue is the shape (and the size) of the
Fermi surface. Earlier local-density approximation
(LDA) calculations [10] of the unhydrated system
(Nay5Co0,) suggested a rather interesting picture: A
large circular Fermi surface surrounded by small pockets
of holes near the K points in the Brillouin zone (BZ).
This Fermi surface topology is the starting point for
several proposed theories of nonphonon mediated super-
conductivity [11,12], and the existence of small hole
pockets is essential for these theories. However, recent
angle-resolved photoelectron spectroscopy (ARPES) ex-
periments by at least two groups revealed a much simpler
Fermi surface [13,14]. More surprisingly, the measured
Fermi surface does not seem to satisfy the Luttinger
electron counting rule if a half-filled paramagnetic two-
dimensional band structure is assumed for the undoped
system (Co0O,) [13,14].

In this Letter, the Fermi surface of Na,CoO, (x = 0.3,
0.5, and 0.7) is calculated with three levels of approxima-
tions, namely, LDA, local spin density approximation
(LSDA), and LSDA + U [15] with a moderate U of
4.0 eV. The system is modeled with a single layer CoO,
doped with electrons and we assume that no charge dis-
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PACS numbers: 71.18.+y, 71.20.-b, 71.27.+a, 71.28.+d

proportionation occurs in the metallic phase. Charge neu-
trality is assured by a balancing uniform positive
background. We believe that this model captures the es-
sential physics, and the presence of the Na potential will
have minor effects on our results [3]. Charge dispropor-
tionation [6,16—20] and its implications on the observed
insulating phase of Naj sCoO, at low temperature [16], as
well as the subtle interplay between the Na ordering and
the charge ordering in the CoO, layer, will be discussed
in a separate publication. We find that the measured Fermi
surface [13] of Nay,CoO, can well be explained by the
half-metallic behavior of the system. Therefore, the
Luttinger rule is obeyed in this system.

Figure 1 shows the LDA band structures of (CoO,)*~
(x = 0.3,0.5, and 0.7) near the Fermi level. Only the Co d
derived 1,, states are shown for clarity. Under the influ-
ence of the trigonal crystal field, the 7,, triplet splits into
an a;, state and an ¢, doublet with a separation of about
1.5 eVat I'. Interestingly, the bandwidth of the e, doublet
is also about 1.5 €V within LDA. As a result, the Fermi
level crosses both the a;, and one of the e, bands at low
doping level (x = 0.6), producing a large Fermi surface
around the I" point as well as small hole pockets near the
K points in the BZ (see also Fig. 4). This is in good
agreement with the result of Singh [10]. The small hole
pockets disappear as the doping level x increases beyond
0.6, which seems to agree with the fact that no hole
pockets are observed [13,14] in NajycCoO, and
Naj;C00,. However, due to a dip in the band energy of
the a,, state at I', a feature that can be understood within
a second-nearest-neighbor tight-binding model, the
Fermi surface splits into two concentric pieces (see
Fig. 4 for details) at x = 0.7. This is not consistent with
experiments where only one cylindrical Fermi surface
was observed [13]. Moreover, the radius of the Fermi
surface calculated within LDA is considerably smaller
than the observed values [13], which raised the issue of
possible violations of the Luttinger rule. However, there
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FIG. 1. LDA band structure of (CoO,)*”. Only the states
derived from t,, triplet are shown. The horizontal dashed
line indicates the Fermi level.

exists a simpler explanation, as will be discussed in the
following.

Considering the relatively narrow bandwidth of the d
states and the observed magnetism [21,22] in this system,
one might expect that spin-polarized calculations within
LSDA be more appropriate for describing its electronic
structure. The calculated LSDA band structures of
(Co0O,)*~ near the Fermi level are shown in Fig. 2. The
spin polarization energy pulls the majority spin a,, state
down by about 0.61, 0.49, and 0.34 eV at the I" point for
doping levels x = 0.3, 0.5, and 0.7, respectively. As a
result, the 1,, derived majority spin states lie completely
below the Fermi level and the system becomes a half
metal. This is in agreement with a previous LSDA calcu-
lation [10]. At low doping level (x = 0.3), the Fermi level
cuts all three sub-bands of the minority spin #,, triplet,
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FIG. 2. LSDA band structure of (CoO,)*” near the Fermi
level. Solid and dotted curves are minority and majority spin
bands, respectively. The horizontal dashed line indicates the
Fermi level

resulting in a rather complicated Fermi surface, as shown
in Fig. 4. As the doping level x increases to 0.5, only two
of the three sub-bands cross the Fermi level and hole
pockets, considerably larger than those calculated within
LDA, develop near the K points. At x = 0.7, only the a;,
state contribute to the Fermi surface and the small hole
pockets disappear. Because of its half-metallic behavior,
the phase space volume (holes) enclosed by the Fermi
surface is twice as large as it would be if both spins
contribute. Our calculation gives an average radius of
kp~0.72 A~ for x = 0.7, which is in reasonable agree-

ment with the measured value [13] (0.65 = 0.1 A~! for
x = 0.7). Therefore, we conclude that the half-metallic
behavior of the system is consistent with the measured
Fermi surface topology and that Luttinger’s rule is
satisfied.
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Although there is still no consensus on the strength of
the on-site Coulomb interaction U among the Co d elec-
trons in the CoO, plane, it is generally agreed that
Na,CoO, is a moderately correlated system. (It is also
possible that the correlation effects vary with the doping
level due to the change in electron screening [20].)
Therefore, the applicability of LDA or LSDA may be
questionable. Here we employ the LSDA + U method
introduced by Anisimov et al. [15] to study the electronic
band structure and the Fermi surface of this system. The
LSDA + U method can be regarded as a model Hartree-
Fock approximation with the Coulomb interactions
among the localized (e.g., Co d) electrons being replaced
by statically screened parameters U and J. In addition to
the splitting arising from trigonal crystal field effects, the
on-site Coulomb interaction further pushes the partially
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FIG. 3. LSDA + U band structure of (CoO,)*” near the
Fermi level. Solid and dotted curves are minority and majority
spin bands, respectively. The horizontal dashed line indicates
the Fermi level

occupied minority spin a;, state up, resulting in a com-
plete separation between the a;, and the e, states at low
doping levels, as shown in Fig. 3. Consequently, the small
hole pockets are absent for all doping levels within
LSDA + U, as shown in Fig. 4. In fact, a very small on-
site Coulomb U (~2 eV) is sufficient to suppress the hole
pockets at low doping levels. Therefore, whether the hole
pockets exist or not is a very subtle issue, especially at
low doping levels. The absence of small hole pockets, if
further confirmed, will strongly favor an intermediate
correlation picture. We hope our results will stimulate
more experimental work on this subject.

Finally, we compare the calculated Fermi surface
within LDA, LSDA, LSDA + U with that measured by
ARPES experiments [13], as shown in Fig. 5. Both LSDA
and LSDA + U calculations give a Fermi surface which
agrees well with the experiment, indicating that
Luttinger’s rule is satisfied. LDA, on the other hand,
results in a qualitatively different Fermi surface topology
from the measured one.

In summary, we have studied the electronic band struc-
ture and the Fermi surface topology of Na,CoO, using
three levels of approximations, namely, LDA, LSDA, and
LSDA + U with a moderate Coulomb U of 4 eV. The
calculated Fermi surface structure is nontrivial and de-
pends sensitively on the doping level as well as on the
theoretical approximations. Both LDA and LSDA predict
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FIG. 4. Fermi surface topology of (CoO,)*™ calculated with
(a) LDA, (b) LSDA, and (c) LSDA + U for doping levels x =
0.3, 0.5, and 0.7, from left to right, respectively. Shaded areas
are electron states and empty areas are holes.
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FIG. 5 (color online).

Comparison between the measured and the calculated Fermi surface (red/gray curve) of Nay;CoO, using

LDA (left), LSDA (middle), and LSDA + U (right). The ARPES experimental result is taken from the work of Hasan et al [13].

a large Fermi surface around the I' point and small hole
pockets near the K points at doping levels x = 0.5. In
contrast, no hole pockets are observed within LSDA + U
for all doping levels. The measured Fermi surface at dop-
ing x = 0.7 agrees well with our LSDA and LSDA + U
calculations, and we find no violation of Luttinger’s rule
in this system.
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