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ARTICLE INFO ABSTRACT

We study the charge dynamics and electronic structure by optical spectroscopy technique. Here we

PACS: focus on the following four issues: (1) the evolution of optical spectra with Na content; (2) the spectral
78.20.—e features specific to different regions in the phase diagram; (3) the c-axis optical response for crystal at
71.27.4+a the A-type antiferromagnetic region; (4) the optical response of misfit-layered BiM,Co,0, (M = Ba,
74.25.Gz Sr, Ca) and Ca3Co,40, single crystals.
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1. Introduction

Layered Na,CoO, system has generated great interests in the
condensed matter community for it realizes a triangular lattice
with partially filled strongly correlated electronic states. Na
donates its electron to the CoO, layer, hence Na content controls
the doping level. A rich phase diagram has been revealed for
NayCoO, with a change of Na content x. A spin ordered phase is
found for x>0.75. With decreasing Na contents, the material
becomes a “Curie-Weiss metal” for x near 0.7, then a charge-
ordered insulator with x~0.5, and finally a paramagnetic metal
with x~0.3 [1]. Superconductivity occurs when sufficient water is
intercalated between the CoO, layers for x near 0.3. The layered
cobaltate provides a model system for studying the physics of
correlated electrons in a 2D triangular lattice. It is also widely
expected that the study of Na,CoO, system may shed new light on
high-T. superconductivity in cuprates.

Soon after the discovery of superconductivity in hydrated
NayCoO; [2], many researchers tend to consider the system as a
doped Mott insulator just like the case of cuprate superconduc-
tors. The picture was formed based on the assumption that the
x =0 end member is a Mott insulator, and Na intercalations
introduce electrons to the system. In CoO,, the valence state of Co
is 4+, there are five electrons in 3d orbitals. Under octahedral
crystal field, the 3d manifold is split into t,; and e, orbitals. The
trigonal configuration will further split the t,, orbitals into a;; and
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a doublet e, [3]. With five electrons in such split 5 shell, the
x=0 compound could be a Mott insulator if the electron
correlation is strong enough. Experimentally, the above assump-
tion was never justified [4]. On the other hand, the x =1 end
member has six electrons in the 3d orbitals and would be a band
insulator due to the fully filled t,, bands and completely empty eg
bands. Then, the metallic NayCoO, with O0<x<1 can also be
viewed as a doped band insulator with a hole concentration of
(1 — x). Judging whether the system is a doped Mott insulator or a
doped band insulator is a very important issue, as it is a starting
point to understand the system with complex phase diagram.

Besides Na,CoO,, there is a series of cobalt oxides, Bi-M-
Co-0 (M = Ba, Sr, Ca), which contain CoO, layers in the structure.
In early work, those oxides were considered to have the same
structure as the cuprate superconductor Bi,Sr,CaCu,0g,s [5,6]. It
was realized by subsequent studies that those oxides have misfit-
layered structure [7], i.e. it consists of alternate stacking of four
rock-salt BiMO layers and one hexagonal CoO, layer [7-9].
Another well-known misfit-layered cobaltate is Ca3Co409, Where
a hexagonal CoO, layer is intercalated between triple rock-salt
CayCoO3 layers [10]. As those compounds share common
hexagonal CoO, layer in the structures, it would be very
interesting to compare their physical properties with those of
Na,CoO, system.

Optical spectroscopy is a powerful technique to probe the
charge excitation and dynamics. Unlike angular resolved photo-
emission spectroscopy (ARPES) which is sensitive to surface,
optical measurement probes bulk property. A number of optical
spectroscopy studies have been done on this system [11-17]. In this
proceedings paper, we would first summarize our measurement
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results on the doping evolution [16,17]. This provides a way to
resolve the important issue whether the system should be
considered as a doped Mott insulator or a doped band insulator.
Then, we address several notable spectral features at different
doping regimes in the phase diagram. We shall also present new
data on the c-axis response of x = 0.85 crystal, as well as on
the misfit-layered compounds Bi,M,Co,0, (M = Ba, Sr, Ca) and
Ca3C04Oy.

2. The evolution of optical spectra with Na content

The single crystal samples of Na,CoO, were grown by floating
zone method. For as-grown crystals, the Na content could be in
the range of x = 0.70-0.92. Deintercalation of Na was achieved by
immersing the as-grown crystals in solution of different ratios
of bromine/CH3CN. Then, a series of crystals with reduced Na
concentrations x = 0.48, 0.36, 0.32, 0.18 determined by ICP
measurement were obtained [17]. Fig. 1(a) and (b) show the room
temperature in-plane reflectance and conductivity spectra for
NayCoO, with x =0.18—0.92 over broad frequencies [17]. We
found that the compound with the highest Na content has the
lowest reflectance values and edge frequency, as a result, it has the
lowest spectral weight in optical conductivity curve. According
to the partial sum-rule, the area under the conductivity curve
below a certain frequency corresponds to the effective carrier
density below that frequency. The effective density of carriers per
Co ion contributed to conductivity below @ is (m/my)Negz(w) =
(2mV ey /me?N) [ o(w') de’, where m is the free-electron mass, m,,
the averaged high-frequency optical or band mass, V. a unit cell
volume, N the number of Co ions per unit volume. Fig. 1(c)
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Fig. 1. (a) and (b) show the doping evolution of in-plane reflectance and
conductivity of Nay,CoO, at room temperature over broad frequencies. Panel (c)
displays the effective carrier density of Co ion for different sodium contents [17].

displays (m/mp)Ngy as a function of frequency for those samples.
Obviously, the compound with high Na content has low conduct-
ing carrier density. The gradually vanishing spectral weight for
high Na content samples confirms the band insulator for x =1
compound. With reducing the sodium content from 0.92 to 0.18,
the spectral weight increases monotonously, suggesting a con-
tinuous increase of the effective carriers density. The optical data
indicate that at least down to x =0.18, the effective carrier
density still increases with decreasing Na content. The doping
evolution strongly suggests a doped band insulator picture rather
than a doped Mott insulator [16,17]. Consistent with our data,
recent NMR study on CoO, compound revealed a metallic state
with a moderately electron correlation [18]. As the magnetic
phase mainly appears in the region with higher Na contents,
the electron correlation is even stronger in those region than in
the low Na region. This has motivated several theoretical studies
on this Na-induced correlations [19,20].

It would be interesting to compare the spectral evolution as
revealed by optics with that of ARPES. According to band structure
calculations [3,21,22], both the a;, and the e, bands should cross
the Fermi level, producing a large Fermi surface (FS) around
I' point and small hole pockets near K points in the Brillouin zone,
respectively. However, the ARPES experiments [23-26] indicated
that only the a;, FS exists, while the e, bands sink below the Fermi
level for different compositions. As indicated above, optical
spectroscopy revealed unambiguously a monotonous decrease of
the effective carrier number with increasing Na contents, whereas
the ARPES indicated a non-monotonous change of the area
enclosed by the a;; FS with Na content. The FS was reported to
decrease with increasing Na content from 0.3 to 0.7. However, the
FS becomes large when the system goes into the magnetic
ordering region (x>0.75) [25]. As the magnetic moments are
ferromagnetic correlated within the plane, it is likely that the
exchange splitting of the spin-up and spin-down bands occurs and
there is only one spin polarized band crossing Er. Spin polarized
ARPES is required to resolve this important issue.

3. Specific features in different Na doping regions

In the phase diagram, the two metallic regions are separated
by a charge ordering insulating phase near x = 0.5. We shall first
look at the spectral features in those two regions. Fig. 2 shows the
T-dependent in-plane optical conductivity at low frequency for
two different compositions: (a) x = 0.18 and (b) x = 0.85.x = 0.18
is the lowest Na content achieved. The x = 0.85 sample is metallic
down to 20K, below which its T-dependent dc resistivity shows an
upturn due to the so-called A-type magnetic ordering. Other
compounds with Na contents below 0.5 are more or less similar to
x = 0.18 sample, while those with Na contents above 0.5 are
similar to x = 0.85 sample. For x = 0.18 sample, the most striking
feature is that the o1(w) is gradually suppressed roughly below
2000cm~! with decreasing T from 300K. Such suppression was
usually taken as a signature of a pseudogap in ¢1(w) spectra. The
spectral structure resembles significantly the hope-doped cup-
rates in the pseudogap state. Although it is known that the
coupling of electrons with a bosonic mode could lead to similar
spectral structure, our analysis indicated that the suppression in
the density of states is essential in the present cobaltate
compound [17]. It is very difficult to understand such spectral
feature, since there is no signature of any gap on the FS centered
at I' point. It is likely that the PG-like phenomenon is purely a
band structure effect, i.e. the interband transition from occupied
e, band to empty part of a;g band within ¢, manifold [12,27].

For x = 0.85 sample, similar suppression is also present in
o1(w), but appears at higher energy, about 3000-4000cm™".
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Fig. 2. In-plane optical conductivity of Na,CoO, with x = 0.18 (a) and x = 0.85 (b)
at different temperatures. Inset of (b) shows the T-dependent reflectance spectra.
The red arrow indicates the energy scale below which the low-T (T<20K)
reflectance is suppressed.

Indeed, if we compare with band structure calculation and ARPES
measurement results [26], the e, band sinks further below the
Fermi level, resulting in an increase of the interband transition
energy within f; manifold. For x =0.85 sample, there exists
another prominent feature, that is, when the compound enters
into the magnetic ordering phase (below ~20K), the low-
frequency optical conductivity is suppressed. In fact, the suppres-
sion can be more clearly seen in reflectance spectrum below
230cm~! as shown in the inset of Fig. 2(b). This is consistent with
the dc resistivity measurement which shows an upturn below
20K.

For the charge ordering sample with Na content x~0.5
composition, Na orders in an orthorhombic superlattice commen-
surate with the Co lattice. As the valence state of Co depends on
the Co positions relative to Na ions, the Na orderings would
induce charge orderings in Co layers, which was observed at low T
as a sharp metal-insulator transition occurs at Tyyr = 50K [1]. In
addition, a long range magnetic ordering appears at higher
temperature Ty = 87 K. Neutron scattering experiments revealed
that the Co>>*?/Co®>~° ions order into stripes within the CoO,
planes with alternating rows of ordered and non-ordered Co ions
below Ty [28,29].

1.0

0.9

0.7

0.6 f f f
3000 L fit to transverse
plasmon

§ 2000
<)
)

1000 -

0
0 500 1000 1500 2000

o (cm™)

Fig. 3. T-dependent R and o4(w) spectra for x=0.48 crystal at different
temperatures. The red dash curve is the fitting curve of the low-T optical
conductivity to the transverse plasmon model, Eq. (1).

Fig. 3 shows the T-dependent reflectance and conductivity
spectra for x close to 0.5 (the ICP measurement indicates x = 0.48)
crystal. The conductivity spectra show two prominent features at
low temperature. One is the gap formation at low T. The almost
complete suppression of the spectral weight at low T suggests a
full gap in the FS. The temperature-dependent measurement
indicated that the gap opens just below Tyyr, so the gap is linked
with the charge-ordering, not related to the magnetic ordering
appearing at higher T. It is noted that the gap is small, only
~15meV (125cm~1) in optics [16]. Another one is the emergence
of a peak/resonance mode structure in conductivity near
800cm~'. A weak feature, or a hump, is already evident at
100K, a temperature much higher than magnetic ordering or
charge ordering transition temperature, and gains further spectral
weight at lower T. The origin of this mode is not clear. In our
earlier work, we correlated the feature with the possible
formation of polarons due to strong electron-phonon coupling
[16]. A more likely explanation for this phenomenon is that it is a
transverse plasma resonance associated with a coupling between
two different charge stripes formed by Co*°*® and Co>°~?,
respectively. The transverse plasmon, which gives a peak at finite
frequency in optical conductivity, was observed and thoroughly
studied in the c-axis (E|c-axis) optical response of multilayered
cuprates [30-33]. It was shown that a transverse plasma mode
occurs in situations where two or more plasma oscillators are put
in series. The transverse optical plasmon can be regarded as
an out-of-phase oscillation of the two individual components.
For NagsCo0,, as revealed by neutron experiments [28,29],
the magnetic correlations of Co>>*® and Co>>~° are very different,
leading to different coupling strengths between two sublattices.
When the applied in-plane electric field is perpendicular to
the stripes, the situation is similar to the bilayer cuprates with
E||c-axis. Effectively, this is like the case of putting the complex
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impedances of two sublattices in series, which gives rise to a new
transverse mode. Quantitatively, one can use the following
formula [32]:

Eav leZ ZK(,()Z

= + (1)

W) o+iy) -} oo+ iy) — o

together with ¢1(w) = (w/4n)lme(w), to fit the conductivity
curve. Here, Z;, y,, w; and Zg, g, wk are parameters for two
plasma oscillators, &4, is another fitting parameter. Without going
into details, we can see from Fig. 3 that the model can well
reproduce the experimental data. On this basis, the weaker
feature appearing at T higher than magnetic ordering or charge
ordering transition temperature could be understood as due to the
presence of fluctuated charge stripes.

4. c-Axis optical response for crystal at the A-type
antiferromagnetic region

For x>0.75, the Na,CoO, enters into another long range
magnetic ordering phase at low T (~20K). The magnetic moment
are ferromagnetic correlated within the plane, but antiferromag-
netic correlated between the layers, the so-called A-type AF
ordering. Fig. 4 shows the c-axis reflectance spectra for x = 0.85 at
different temperatures. The reflectance at low frequency increases
as the sample is cooled down, evidencing the metallic response.
However, when the compound enters into the magnetic ordering
phase (below ~20K), the optical reflectance displays a suppres-
sion feature below 230 cm~1. We noticed that the suppression in
the c-axis R(w) is the same as in the ab-plane (inset of Fig. 2(b))
both in energy and temperature. It evidences the 3D nature of
transport. Based on the results, we can conclude that the c-axis dc
resistivity must also have an upturn below 20K. Note that this
energy scale is the same as the x = 0.5 compound when it enters
into the charge ordering phase.

Fig. 5 shows the c-axis optical conductivity spectra for x = 0.85
sample. Although there is no apparent Drude-like response, the
low-frequency conductivity shows finite values, which increases
with decreasing temperature, except for the case below 20K at
very low energy. Strong phonon structures appears near 310 and
600 cm~!. They correspond to the two c-axis Ay, modes. As there
are two peaks at each frequency, they are likely originated from
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Fig. 4. The c-axis reflectance of x = 0.85 crystal at different temperatures. The
inset is the expanded plot of the reflectance in the far-infrared region. Note that the
reflectance is suppressed below 230 cm~! for T <20K. The suppression appears at
the same energy as the in-plane reflectance.
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Fig. 5. The c-axis conductivity spectra of x = 0.85 crystal at different tempera-
tures. The inset is the expanded plot of the conductivity in the far-infrared region.
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Fig. 6. The temperature-dependent in-plane resistivity for Bi-M-Co-O samples
with M = Ba, Sr, Ca.

the occupations of two different Na positions in the crystal
structure. The spectra are higher in the low-frequency side than in
the high-frequency side for the phonon mode, this is due to the
strong coupling between conducting carriers and the lattice. In
fact, the broad peak-like structure of conductivity after removing
phonon peaks indicates a polaron-like optical response, which
also evidences the strong electron-phonon coupling in the
system.

5. Optical response of misfit-layered cobaltates

The misfit-layered Bi-M-Co-0 and Ca3Co409 show metallic
behavior over a wide temperature range. As M in Bi-M-Co-0
changes from Ca to Sr and Ba, the system becomes more metallic.
However, all samples, except M = Ba, display an upturn in dc
resistivity at low temperature, as shown in Fig. 6. For M = Ba
compound, certain amount of K element was doped into the
sample so that more carriers were introduced. The misfit-layered
Bi-M-Co-0 compounds are usually identified as Bi,M,Co,0,
(M =Ba, Sr, Ca). The exact chemical compositions of the
samples used in our experiment are [Bi; 4Ca;C0g04]%[C003]; go.
[Bl] 91513 Oy]Rs[C002]1 84 and [Blz Ba;3KoCog 1 Oy]RS[COOZ]]AgW .
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Fig. 7. The in-plane reflectance of Bi-M-Co-0O (M = Ba, Sr, Ca) and Ca3Co409 at
room temperature.

A description about crystal growth and characterization can be
found in Ref. [34].

Fig. 7 shows the in-plane reflectance for Bi-M-Co-Oand
Ca3Co409 at room-temperature. Even for the most conductive
M = Ba system, the optical spectra are similar to those of Nay,CoO,
with very high Na content (x>0.9), indicating their proximity to
the band-insulator side. For comparison, the reflectance data for
NayCoO, crystal with x = 0.85 were also plotted. The tempera-
ture-dependent R(w) spectra of Bi-M-Co-0 are shown in Fig. 8.
Basically, all the three samples show metallic behavior, indicated
by the high reflectance at low frequency and a dramatic plasma
edge in the mid-infrared region. An increase of reflectance is
observed as the samples are cooled down through the whole
temperature range for Bi-Ba-Co-0 and to a certain temperature
for Bi-Sr-Co-0 and Bi-Ca-Co-O0. For the latter two samples, the
reflectance gets a depression at low frequency (<230 cm!) below
100K which corresponds to the upturn in the T-dependent
resistivity curve at low temperature. This phenomenon is also
observed in CazCo40g (not shown) and Na,CoO, for high Na
contents (x>0.75) shown above, suggesting that the low-T dc
resistivity upturn is linked with the weak magnetic ordering [35].

6. Summary

NaxCoO, is a system showing diverse and interesting physical
phenomena in different regions of its phase diagram. The
evolution of optical spectra with Na doping indicates that the
system should be considered as a doped band insulator. However,
the electron correlation still plays important role in the system.
Spectral features specific to different phases in the phase diagram
are presented. For x~0.5 charge-ordering sample, a small energy
gap forms below Tyyr. In addition, an electronic resonance
develops near 800 cm~! below 100 K. We suggest that this feature
corresponds to a new transverse plasma mode. For x = 0.18 and
those with x<0.5 compounds, a pseudogap structure similar
to underdoped high-T. cuprates develops at low temperature.
A similar suppression in conductivity also exists in x>0.5
compounds, for example x = 0.85, and misfit-layered cobaltate,
but appears at higher energies. When those compounds enter into
the A-type antiferromagnetic phase with dc resistivity showing
upturns at low temperature, the reflectance is suppressed at the
energy similar to x~0.5 sample in the charge-ordering state.
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Fig. 8. The temperature-dependent in-plane reflectance of Bi-M-Co-0. The low-
frequency reflectance of Bi-Ba-Co-O increases monotonously with decreasing T,
indicating a metallic behavior (the bottom panel), while Bi-Sr-Co-O and
Bi-Ca-Co-0 get suppressed at low frequency below 100K, corresponds to upturn
of low-T dc resistivity (the upper two panels).
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