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Abstract
We report on a Raman scattering study of the superconducting cobaltite
NaxCoO2·yH2O as function of Na content and hydration (x ≈ 1/3, 3/4 and
y ≈ 0, 2/3, 4/3). The observed scattering intensity is analysed in terms of
lattice strain, structural misfit and disorder. Hydration, due to the intercalation
of one or two H2O layers, releases a part of this strain. Our Raman data suggest
a connection between disorder on the partly occupied Na sites and the narrow
phase space of superconductivity.

(Some figures in this article are in colour only in the electronic version)

1. Properties of NaxCoO2·yH2O

The transition metal compound Nax CoO2·yH2O (x ≈ 1/3, 3/4 and y ≈ 0, 2/3, 4/3)
has an appreciable quasi-metallic conductivity and still shows aspects of strong electronic
correlations. There is broader consensus that these correlations play an important role in the
recently discovered superconductivity with Tc up to 4.6 K [1], the very large thermopower and
other anomalous transport properties [2–7].

The two-dimensional structure of Nax CoO2 is given by an incoherent coupling of CoO2

layers with Na layers stacked along the c-axis [8–11]. The resulting misfit and pronounced
strain effects allow, similar to other misfit-layered oxides, a considerable non-stoichiometry
both on the cation and the oxygen sites and an inhomogeneity in charge distribution along the
stacking direction of the compound [12, 13]. In Nax CoO2, with x ≈ 0.7, two partly occupied
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Figure 1. (a) and (b) Two projections on a simplified structure of NaCoO2 [9]. The Na sites in
(a) are only partially occupied. (c) Electronic level scheme of Co3+/4+ with a sketch of two distorted
CoO6 octahedra [12]. The two sites Na1 and Na2 have an approximate occupation of 1/4 and 1/2
respectively. The line gives the unit cell. The dashed line marks a distortion of the octahedron.

Na sites on a honeycomb lattice alternate along the c-axis with a CoO2 layer of edge-sharing
CoO6 octahedra [12]. Ionic conduction based on high Na mobility exists at room temperature.
The octahedra in the CoO2 layers are tilted and have only two oxygen coordinates per layer
along the c-axis. These oxygen sites surround a single Co site. In the ab-plane the Co sites
form a planar triangular lattice, from a geometrical point of view the perfect base for competing
magnetic interactions. In figures 1(a) and (b) two projected views of the layered structure of
Nax CoO2 are shown.

Samples of Nax CoO2 with an Na content 0.3 < x < 0.75 have been reported. This
stoichiometry range corresponds to an average Co valency between Co3.7+ and Co3.25+. The
electrons in the 3d5 and 3d6 configurations of Co4+ and Co3+ occupy t2g levels in a low spin state
with s = 1/2 and 0 respectively. Therefore, the above-mentioned triangular lattice of Co sites
with s = 1/2 is far from half-filled, i.e. the spins are considerably diluted with s = 0 states. In
figure 1(c) the corresponding crystalline electric field (CEF) level schemes are shown, together
with the local coordination of two distorted CoO6 octahedra with the two Na sites, Na1 and
Na2. Relevant states at the Fermi level are given by a1g states of 3d5 in Co4+ that are split off
from the other t2g levels [14]. It has recently been proposed that spin–orbit coupling shifts the
a1g state to lowest energy leaving the hole in two degenerate in-plane states [15]. This would
imply orbital degeneracy for this system.

The electronic state of Nax CoO2 shows some analogy to strongly doped high-temperature
superconductors (HTSC) with the additional very interesting aspect of frustration [16]. The
triangular lattice is expected to be a better realization of the resonance valence bond state than
the well-studied CuO2 square lattice in HTSCs [17]. It also leads to three nesting vectors that
could have important implications for the superconducting order parameter [18]. Single-band
Hubbard models have been proposed as a reasonable simplification taking the split up t2g

levels an underlying basis [16, 17, 19–21]. From an experimental point of view the role of
electronic correlations and the minimal low-energy model is not so clear [18], as the related
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Mott–Hubbard insulating phase of NaxCoO2 with 1/2 doping has not been observed and
important electronic parameters have not being determined unambiguously.

The magnetic susceptibility χ(T ) of Nax CoO2 shows a Curie–Weiss behaviour with a
negative Curie constant θcw = −170 K for x = 0.75, while χ(T ) is less temperature dependent
for smaller x , i.e. θcw is decreasing with increasing Co4+/Co3+. This composition dependence
might be related either to spin frustration and/or additional ferromagnetic correlations.
Hopping on a diluted triangular lattice can induce ferromagnetic correlations [17]. Only in the
samples with the highest Na content (x = 0.75) is long-range magnetic ordering observed at
Tc = 22 K [22, 23]. NaxCoO2 has an enormous thermopower [3] comparable to broad-band
semiconductors used for thermoelectric cooling [24, 25]. The thermopower increases with
increasing x , i.e. for smaller Co4+/Co3+ and closer proximity to magnetic ordering [5], and
can be strongly depressed in a magnetic field [6]. Therefore it is not related to Fermi surface
anomalies but due to a combination of a large spin/electronic degeneracy and hopping on a
triangular, frustrated network [4, 6]. If the Na content is strongly reduced to x = 0.33–0.35
the resulting samples are extremely hygroscopic and loosely bind H2O into two intercalated
layers between the Na and the CoO2 layers. The result is Na0.35CoO2·1.3H2O with a nearly
doubled c-axis parameter and superconductivity at Tc = 4.6 K [1]. Although this critical
temperature might appear small, it is comparable to systems like Sr2RuO4 [26] (Tc = 1.5 K)
that shows triplet superconductivity with broken time-reversal symmetry [27, 28]. Also for
Na0.35CoO2·1.3H2O there exists experimental and theoretical evidence for an unconventional
superconducting order parameter [18, 20, 21]. Initial investigations, however, are mainly
related to its complex defect chemistry that allows reversible changes of the hydration level
even at room temperature [29]. The effect of hydration and its interplay with the strain induced
by partly occupied Na sites might be a key element in understanding this compound.

The range of existence of the superconducting phase is very narrow 0.25 < x < 0.33 [30],
and has even been proposed to be a single point of composition (x = 1/3, y = 4/3) [11].
The former interval motivated theoretical speculations about competing charge ordered states
at the phase boundaries. These correspond to a honeycomb or a Kagome lattice of s = 1/2
respectively [20]. It should be noted that the electronic structure of Nax CoO2 and the hydrated
variant can be considered as Kagome-like even without charge ordering [15].

Na0.35CoO2·1.3H2O is a type II superconductor with critical fields Hc1 = 28 Oe and
Hc2 = 61 T [31]. Such a large Hc2 can be taken as anomalous if compared with the
small transition temperature. The specific heat shows a maximum at the transition with a
reduced jump of [�C/Tc]/γ = 0.85, much smaller than the BCS value (1.43) [32]. In
another specific heat study a T 2 contribution to the specific heat is observed and attributed
to line nodes of the superconducting order parameter [33]. Here, the superconducting
parameters differ considerably from those given above, as a larger non-superconducting
volume fraction was taken into account. This leads to [�C/Tc]/γ = 1.31. Evidence
for unconventional superconductivity is clearer in recent nuclear magnetic resonance
(NMR)/nuclear quadrupole resonance (NQR) data. However, the data reported here by
different groups vary considerably in this case as well. In one study the Co Knight shift
decreases moderately at low temperatures [34]. Another experimental study highlights the
negligible temperature dependence of the Knight shift that is taken as evidence for a spin-triplet
state of superconductivity in Na0.35CoO2·1.3H2O [35]. The latter scenario has been backed
up by theoretical considerations and modelling [16, 18, 20]. Recent muon spin resonance
(µSR) experiments also support a spin-triplet superconducting state. However, they rule out
a breaking of time-reversal symmetry [36].

These and other experimental studies are strongly hampered by the easy degradation of
the samples and the narrow range of existence of superconductivity. In the present Raman
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scattering study special care has been taken to avoid these problems by using a set-up that
allows rapid cooling down in a helium contact gas or by performing the experiments at room
temperature in a sample cell with a humidified atmosphere. Thereby we searched for possible
effects of charge ordering or other instabilities and used phonon scattering due to oxygen
vibrations as a sensitive probe of the local electronic and structural configuration.

2. Experimental details

We have performed Raman scattering experiments on powder and single-crystal samples of
Nax CoO2·yH2O as function of Na content x and hydration y. (xx) light polarization has
been investigated with the incident and scattered electric field vector x in the ab-plane of the
crystallographic structure. Powder samples were prepared as described elsewhere [1] and cold
pressed into tablets. Single crystals of Na0.7CoO2 were prepared using a travelling solvent
floating zone optical furnace. In a following preparation step Na was deintercalated using a
bromine or an electrochemical preparation step [37]. The final hydration and/or equilibration
was performed in humidified air [30].

3. Raman scattering results

3.1. Symmetry considerations and the lattice shell model

A symmetry analysis taking into account the P63/mmc (194) point group for Na0.7CoO2 [12]
and Nax CoO2·yH2O [1] leads to the following Raman-active modes

�Raman = A1g + E1g + 3E2g,

and the infrared-active modes

�IR = 4A2u + 4E1u.

Each of the E1g, E2g or E1u modes are doubly degenerate. In this analysis we neglected modes
due to hydration of the samples, as no experimental evidence for such modes exists. In the
following we will also not discuss the 3E2g modes related to Na and oxygen. These modes
would be observable in (xz)-polarization [38]. The two Na-related modes are expected to be
smeared out due to disorder and the small occupation of the Na sites.

For the considered modes at the �-point the displacement symmetries are A1g for a
displacement in the z-direction and E1g for in-plane diagonal xy-displacements. The A1g

and E1g modes involve vibrations from oxygen atoms only. Due to full point-group symmetry
the Co sites do not contribute to Raman scattering.

We have performed lattice shell model calculations of the phonon frequencies in
Na0.74CoO2 [12]. To accommodate for the partial occupation of the two Na sites,Na1(0.24) and
Na2(0.5), the phonon frequencies for either a fully occupied site Na1 (or a fully occupied Na2)
site have been calculated. The frequency of the E1g and A1g modes are 458 cm−1 (457 cm−1)

and 586 cm−1 (574 cm−1) respectively, i.e. the higher energy A1g mode strongly depends on
the Na site occupancy. As mentioned above, the E1g mode is an in-plane oxygen mode with
diagonal displacements while the A1g mode is an out-of-plane mode. This explains the strong
sensitivity of this excitation to the Na occupation of a layer that divides the oxygen octahedra in
the c-axis direction. In the following we will show that the pronounced frequency dependence
of the A1g mode can be used as a very sensitive probe of Na distribution/ordering.
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Figure 2. Raman scattering intensity divided by the Bose factor of polycrystalline Nax CoO2·yH2O
as a function of Na content x and hydration y at 10 and 295 K in the upper and lower curves
respectively. The curves are shifted for clarity. The sharp lines at 240 and 700 cm−1 are attributed
to second phases.

3.2. Raman scattering on powder samples

Raman spectra of polycrystalline samples as given in figure 2 show two sharp modes at 480
and 598 cm−1. These modes correspond to the E1g and the A1g eigenmodes respectively. The
E1g mode hardens due to anharmonicity with decreasing temperature. The linewidth of the A1g

mode is substantially broadened at higher temperature. This must be related to pronounced Na
diffusion and disorder. At higher energies two very broad maxima exist at 800 and 1000 cm−1.
These signals are understood as two-phonon scattering. It is noteworthy that the temperature
dependence of this signal is most pronounced for samples that show superconductivity.

Upon reducing the hydration to zero, drastic effects occur at lower frequency. A broadened,
quasi-elastic scattering contribution is suppressed. This continuum might be related to
quasi-diffusive excitations of H2O molecules. A second possibility is local paramagnetic
fluctuations of the spin system. Such paramagnon scattering has been discussed for high-
temperature superconductors or other low-dimensional quantum spin systems [40]. The
continuum observed in Nax CoO2·yH2O resembles early observations in RbMnF3 [41] and
would correspond to an exchange coupling constant of approximately 130 K. Its highest
intensity is observed for y = 0.7, i.e. in the sample with one H2O layer. However, its
onset does not scale with Na content x . A final possibility would be unscreened electronic
fluctuations. These are observable in Raman scattering if the Fermi surface is anisotropic
or consists of two bands, as electronic fluctuations between light and heavy quasiparticles
are not screened. Evidence for a two-band character at EF has recently been extracted from
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Figure 3. Effect of sample environment on (xx) Raman spectra of Na0.35 CoO2·1.3H2O. (a) Freshly
cleaved single crystal, (b) after 2 days in humidified air, (c) after 6 h in helium exchange gas, (d) after
3 h and (e) after 6 h in vacuum. The spectra are normalized in intensity to the mode at 470 cm−1.

a combined transport/specific heat study [42]. Further investigations as a function of well-
controlled stoichiometry and temperature aimed at a better understanding of this signal are
under way.

3.3. Raman scattering on single crystals

Raman scattering experiments on single-crystal surfaces do in general provide a better and more
consistent view of the excitation spectrum of a compound. In the case of Nax CoO2·yH2O,
however, due to the complex defect chemistry given by easy hydration loss, the high mobility
of Na and its hydroxide formation, special precautions have to be taken.

To investigate such effects, the results of a helium gas and vacuum exposure study are
shown in figure 3. A similar study on Na0.7CoO2 can be found in [38]. The initial state of our
Na0.35CoO2·1.3H2O single crystal (curve a) has been prepared by a freshly cleaved surface.
The sample was then stored and investigated in humid air for 2 days (b) and then mounted
into a cryostat with helium contact gas. Consecutive spectra have been taken after storage at
room temperature in dry helium gas (c) and later under vacuum ((d) and (e)). These steps were
separated by cooling down to 200 K or below at cooling rates of 2–4 K min−1.

It is evident from these data that the intrinsic phonon linewidth of the fully hydrated,
single-crystalline NaxCoO2·yH2O is very small. However, the surface properties of the crystals
show a degradation even under humidified air. Therefore, the linewidth of the c-axis A1g mode
broadens. The following reduction of hydration in dry helium gas leads to a moderate decrease



Excitation spectrum of Nax CoO2·yH2O S863

Figure 4. Comparison of single crystal spectra of superconducting and non-superconducting
samples Nax CoO2·yH2O in (xx)-polarization at room temperature. The inset displays spectra on
an enlarged scale together with fits. For x , y = 0.7/0.0 three individual modes are resolved that
overlap and form a broad band.

of the in-plane E1g mode by about 3 cm−1. Most drastic is the effect of a vacuum treatment.
The observed shift of 9 cm−1 is exceptionally large and cannot be fully accounted by the loss
of hydration because the related mode is an in-plane oxygen vibration. Therefore we propose
a loss of oxygen connected with a charge transfer as the most probable origin of the phonon
frequency shift in vacuum [39].

To figure out the effect of hydration on the ‘parent compound’ (xx)-polarized Raman
spectra of single crystals at T = 295 K are given in figure 4. In addition to two-phonon
scattering with a maximum at 1170 cm−1 there are remarkable changes of the phonon modes
in the frequency regime from 450 to 650 cm−1. Na0.7CoO2 shows a strongly broadened
band-like scattering intensity that has a maximum at 588 cm−1, very close to the frequency
calculated in a lattice shell model with a fully occupied Na1 site. In Na0.3CoO2·1.3H2O,
instead, two modes are observed at 582 and 469 cm−1. The inset shows a fit to these intensities
using Lorentzians. Three modes with different frequencies can be fitted to the broad band of
Na0.7CoO2.

We interpret the broad band of scattering in Na0.7CoO2 as due to a considerable strain
and possible sublattice formation of the incompletely occupied Na1 and Na2 sites. With
decreasing temperature part of this broadening is reduced, as is also seen in the experiments on
polycrystalline samples in figure 2. Ordering processes have been evidenced from 23Na-NMR
in the temperature regime 250–300 K and attributed to a charge disproportionation of the
effective Co3.4+ into Co3+ and Co4+ [43]. The sensitivity of the c-axis A1g mode frequency
to the Na site occupation and the high mobility of Na at room temperature, however, do not
support this interpretation.

In the superconducting hydrated system the phonon spectrum is not broadened, although
the Na sublattice is even more diluted. As a narrowing of the out-of-plane and full formation
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of the in-plane CoO6 eigenmodes are observed, we conclude that the intercalated and well-
ordered H2O layers [11] shield the related disorder. If trigonal distortions of the CoO6 octahedra
are important for the Co t2g level splitting a sensitive interplay of stoichiometry and the local
density of states at EF [14] evolves. This strongly suggests a causality between the narrow
superconducting phase space [30], the reduced superconducting volume [32] and disorder on
the Na site.

Taking the evidence for spin-triplet superconductivity in the cobaltites from NMR and
µSR seriously, there exists a very efficient mechanism to depress Tc with disorder and Na
non-stoichiometry. This is the strong pair breaking that any defect or local variation of
electronic parameters imposes on a system with an unconventional order parameter. In the well-
established triplet superconductor Sr2RuO4 [44] disorder played a crucial role in determination
of the non-s-wave gap symmetry [45]. To model the observed dome-shaped dependence of
Tc(x) centred at (x = 1/3, y = 4/3) in the phase diagram, the Abrikosov–Gork’ov pair-
breaking function may be mirrored about a single Na composition with minimum defect density.
In this view the relevance of charge ordered phases at the boundary of superconductivity and
the band filling scenario should be reconsidered.

4. Conclusions

Our Raman scattering investigations on the superconducting cobaltites Nax CoO2·yH2O as a
function of Na content x and hydration y show pronounced effects related to partial occupation
and disorder on the Na site. In contrast, no evidence for charge ordering has been found. The
strong sensitivity of the transition temperature on x and the related local lattice distortions may
originate from a local modulation of the a1g split-off together with strong pair breaking in a
triplet superconductor.

Acknowledgments

The authors acknowledge fruitful discussions with R Kremer, H Kageyama, I Nekrasov,
V I Anisimov, R Zeyer, P Horsch and G Khaliullin. This work was supported by DFG
SPP1073, NATO PST.CLG.9777766, INTAS 01-278, CREST of JST (Japanese Science and
Technology Agency) and the MRSEC Program of the National Science Foundation under
award number DMR 02-13282.

References

[1] Takada K, Sakurai H, Takayama-Muromachi E, Izumi F, Dilanian R A and Sasaki T 2003 Nature 422 53
[2] Tanaka T, Nakamura S and Iida S 1994 Japan. J. Appl. Phys. 33 L581
[3] Terasaki I, Sasago Y and Uchinokura K 1997 Phys. Rev. B 56 R12685
[4] Koshibae W, Tsutsui K and Maekawa S 2000 Phys. Rev. B 62 6869
[5] Motohashi T, Naujalis E, Ueda R, Isawa K, Karppinen M and Yamauchi H 2001 Appl. Phys. Lett. 79 1480
[6] Wang Y, Rogado N S, Cava R J and Ong N P 2003 Nature 423 425
[7] Wang Y, Rogado N S, Cava R J and Ong N P 2003 Preprint cond-mat/0305455
[8] Fouassier C, Matejka G, Reau J-M and Hagenmuller P 1973 J. Solid State Chem. 6 532
[9] Jansen V M and Hoppe R 1974 Z. Anorg. Allg. Chem. 408 104

[10] Lynn J W, Huang Q, Brown C M, Miller V L, Foo M L, Schaak R E, Jones C Y, Mackey E A and Cava R J 2003
Phys. Rev. B 68 214516

[11] Jorgensen J D, Avdeev M, Hinks D G, Burley J C and Short S 2003 Phys. Rev. B 68 214517 and references
therein

[12] Balsys R J and Davis R L 1996 Solid State Ion. 93 279 and references therein
[13] Karppinen M and Yamauchi H 2004 http://www.msl.titech.ac.jp/karppinen

http://www.msl.titech.ac.jp/karppinen


Excitation spectrum of Nax CoO2·yH2O S865

[14] Singh D J 2000 Phys. Rev. B 61 13397
[15] Koshibae W and Maekawa S 2003 Phys. Rev. Lett. 91 257003 and references therein
[16] Wang Q-H, Lee D-H and Lee P A 2003 Preprint cond-mat/0304377
[17] Baskaran G 2003 Phys. Rev. Lett. 91 097003 and references therein
[18] Tanaka A and Hu X 2003 Phys. Rev. Lett. 91 257006
[19] Honerkamp C 2003 Phys. Rev. B 68 104510
[20] Baskaran G 2003 Preprint cond-mat/0306569

Sa D, Sardar M and Baskaran G 2003 Preprint cond-mat/0309563
[21] Renner M and Brenig W 2003 Preprint cond-mat/0310244
[22] Motohashi T, Ueda R, Naujalis E, Tojo T, Terasaki I, Atake T, Karppinen M and Yamauchi H 2003

Phys. Rev. B 67 064406
[23] Sugiyama J, Itahara H, Brewer J H, Ansaldo E J, Motohashi T, Karppinen M and Yamauchi H 2003 Phys. Rev.

B 67 214420
[24] Mahan G, Sales B and Sharp J 1997 Phys. Today 50 (3) 42
[25] Venkatasubramanian R, Siivola E, Colpitts T and O’Quinn B 2001 Nature 413 597
[26] Maeno Y, Hashimoto H, Yoshida K, Nishizaki S, Fujita T, Bednorz J G and Lichtenberg F 1994 Nature 372

532
[27] Luke G M, Fudamoto Y, Kojima K M, Larkin M I, Merrin J, Nachumi B, Uemura Y J, Maeno Y, Mao Z Q,

Mori Y, Nakamura H and Sigrist M 1998 Nature 394 558
[28] Ishida K, Mukuda H, Kitaoka Y, Asayama K, Mao Z Q, Mori Y and Maeno Y 1998 Nature 396 658
[29] Foo M L, Schaak R E, Miller V L, Klimczuk T, Rogado N S, Wang Y, Lau G C, Craley C, Zandbergen H W,

Ong N P and Cava R J 2003 Solid State Commun. 127 33
[30] Schaak R E, Klimczuk T, Foo M L and Cava R J 2003 Nature 424 527
[31] Sakurai H, Takada K, Yoshii S, Sasaki T, Kindo K and Takayama-Muromachi E 2003 Phys. Rev. B 68 132507
[32] Ueland B G, Schiffer P, Schaak R E, Foo M L, Miller V L and Cava R J 2004 Physica C 402 27 and references

therein
[33] Yang H D, Lin J-Y, Sun C P, Kang Y C, Takada K, Sasaki T, Sakurai H and Takayama-Muromachi E 2003

Preprint cond-mat/0308031
[34] Kobayashi Y, Yokoi M and Sato M 2003 J. Phys. Soc. Japan 72 2453
[35] Waki T, Michioka C, Kato M, Yoshimura K, Takada K, Sakurai H, Takayama-Muromachi E and Sasaki T 2003

Preprint cond-mat/0306036
[36] Higemoto W, Ohishi K, Koda A, Kadono R, Ishida K, Takada K, Sakurai H, Takayama-Muromachi E and

Sasaki T 2003 Preprint cond-mat/0310324
[37] Chou F C, Cho J H, Lee P A, Abel E T, Matan K and Lee Y S 2003 Preprint cond-mat/0306659
[38] Iliev M N, Litvinchuk A P, Meng R L, Cmaidalka J and Chu C W 2003 Physica C 402 239
[39] Sherman E Ya, Fischer M, Lemmens P, van Loosdrecht P H M and Güntherodt G 1999 Europhys. Lett. 48 648
[40] Lemmens P, Güntherodt G and Gros C 2003 Phys. Rep. 375 1
[41] Richards P M and Brya W J 1974 Phys. Rev. B 9 3044
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