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Heat capacity and electrical resistivity of high-quality Na0.77CoO2 single crystals was systematically studied
as a function of temperature and magnetic �eld. Anomalies at 20 K have been observed both in the heat capacity
and the electrical resistivity. The broad bump in the heat capacity indicates a smeared magnetic phase transition.
Magnetic �elds up to 9 T, oriented perpendicularly to the ab plane, reduce the temperature of this anomaly in
accordance with the assumption of A-type antiferromagnetic ordering. The low temperature upturn observed
in resistivity below 20 K for slow cooling is also suppressed by the magnetic �eld. This anomaly is probably
the consequence of the interplay of several di�erent mechanisms, including the Kondo e�ect, electron-electron
interactions, and electron-phonon scattering.
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1. Introduction

The layered sodium cobaltate NaxCoO2 has attracted
considerable experimental and theoretical attention due
to its rich phase diagram with many unusual states, for
instance a superconductor state at x = 0.3 after inter-
calation by water, charge ordered insulator at x = 0.5,
unconventional magnet [1] and nonFermi liquid metal at
higher doping [2]. This is a result of various competing
phenomena, such as strong electron correlations, mag-
netic correlations, and geometrical frustration, which are
strongly sensitive to Na concentration. Na doping intro-
duces charge carriers into NaxCoO2 and changes the spin-
half Co4+ into spinless Co3+ in the CoO2 layers. Thus,
it enhances the conductivity and relaxes the magnetic
frustration. Recently, the in�uence of the cooling rate on
the structure and magnetic properties has been observed,
which is related to the mobility of sodium ions and to the
formation of speci�c sodium superstructures [3].
We study the heat capacity and electrical resistivity

of Na0.77CoO2. A non-typical phase transition, sensi-
tive to the magnetic �eld, was observed in heat capacity
around 20 K. At the same temperature and only for a
slow cooling rate, the low temperature upturn was vis-
ible in electrical resistivity, which is slightly suppressed
by strong magnetic �eld.

2. Experimental

Single crystals of Na0.77CoO2 were grown in an optical
�oating zone furnace. Starting feed and seed materials
were prepared from Na2CO3 and Co3O4 of 99.9% purity
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with the nominal composition of NaxCoO2. The compo-
sition of the as-grown crystals was determined by energy
dispersive X-ray analysis.
For measurement of both the in-plane resistivity by

four-probe method and the heat capacity from 300 K
down to 2 K, the PPMS-9 Quantum Design device was
used. The applied magnetic �eld up to 9 T was oriented
perpendicularly to the sample plane, which corresponds
to the ab plane. The resistivity was measured at two
di�erent cooling rates, standard cooling at 10 K/min and
slow cooling at ∼ 0.2 K/min.

3. Results and discussion
The heat capacity of Na0.77CoO2 in the temperature

range of 2 � 30 K is shown in Fig. 1. The broad
bump around 20 K observed in heat capacity, indicates
a smeared magnetic phase transition. Magnetic �elds
up to 9 T, oriented perpendicularly to ab plane, shift
the transition temperature to lower values, while parallel
magnetic �elds have no in�uence on it [4]. This fact is
in accordance with the assumption of A-type antiferro-
magnetic ordering, suggested for NaxCoO2 at x > 0.75
in ref. [5]. Fitting the linear part of the C/T vs. T 2 de-
pendence allows to estimate the electronic heat capacity
coe�cient, γ = 11 mJ/mol/K2, which hints at the strong
electron correlations in the system.
The resistivity at slow cooling shows typical metallic

behavior down to 20 K, but below this temperature, a
strong resistivity upturn was observed (Fig. 2). Interest-
ingly, it occurs at the same temperature as the anomaly
in the heat capacity, and it underlines the magnetic origin
of this anomaly. Magnetic �elds up to 5 T only slightly
suppress the upturn, while 9 T induces more visible ef-
fect. For fast cooling, no upturn was observed.
The low temperature resistivity upturn may arise from

various mechanisms, e.g. Kondo scattering, e-e interac-
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Fig. 1. Heat capacity of Na0.77CoO2. Inset: In�uence
of the magnetic �eld, perpendicular to the ab planes, on
the transition.

Fig. 2. Resistivity of Na0.77CoO2 measured in mag-
netic �elds perpendicular to the ab planes.

tions enhanced by disorder, or weak localization e�ects
due to the �nite dimension of the system. For the Kondo
e�ect, the resistivity follows a − lnT dependence, and
magnetic �elds reduce the upturn. In disordered systems,
the resistivity upturn can be a result of e-e interactions.
The resistivity is proportional to −T 1/2 and magnetic
�elds enhance the e�ect.
The resistivity around and below 20 K has been an-

alyzed, taking into consideration the above mentioned
mechanisms, in addition to the inelastic electron-phonon
process following the T 5 dependence far below the Debye
temperature. The experimental data of ρ(T ) are well de-
scribed by the formula ρ = ρ0 − ρK lnT − ρe−eT

1/2 +
ρPT

5, in which the term for the Kondo e�ect is the dom-
inant one. The �eld dependence of ρK and ρe−e is in
accordance with theoretical assumptions (inset of Fig. 3).
The origin of the Kondo e�ect observed below the mag-

netic phase transition could be explained by the existence
of magnetic clusters in the Co layers, which are coupled

to Na vacancy clusters between Co layers [6]. The Na su-
perstructure is stabilized only while slow cooling and the
magnetic clusters above or below them act as scattering
centres. On the other hand, for fast cooling, the Na ions
are in a non-equilibrium state, the resistivity is dispersed
at low temperature, and no upturn was observed.

Fig. 3. Fitting of ρ(T ) by equation ρ = ρ0 − ρK lnT −
ρe−eT

1/2 + ρPT
5. Inset: Field dependence of the dom-

inant coe�cients.
4. Conclusions

In summary, heat capacity and electrical resistivity of
the Na0.77CoO2 has been studied from 300 K down to
2 K. A smeared magnetic phase transition was observed
at 20 K, which corresponds to A-type antiferromagnetic
ordering. A resistivity upturn below the phase transition,
observed at slow cooling, is sensitive to magnetic �eld and
is well described by a Kondo-type behavior.
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