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Mass-enhanced Fermi-liquid ground state in Na1.5Co2O4
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Magnetic, transport, and specific-heat measurements have been performed on layered metallic oxide
Na1.5Co2O4 as a function of temperatureT. Below a characteristic temperatureT* 530240 K, electrical
resistivity shows a metallic conductivity with aT2 behavior and magnetic susceptibility deviates from the
Curie-Weiss behavior showing a broad peak at;14 K. The electronic specific-heat coefficientg is
;60 mJ/mol K2 at 2 K. No evidence for magnetic ordering is found. These behaviors suggest the formation of
mass-enhanced Fermi-liquid ground state analogous to that ind-electron heavy fermion compound LiV2O4.
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There has been a great deal of interest in the physic
geometrically frustrated spin systems, in which the lon
range magnetic order tends to be suppressed and novel
of phase transitions or ground states are expected. In par
lar, the recent discovery of the heavy fermion~HF! behavior
in LiV 2O4 has stimulated new interest in the geometrica
frustrated systems, where the HF behavior is demonstr
by thed electrons on the spinel B lattice.1 One of the most
exciting scenario is the generation of thed-electron heavy
fermions through the effect coming from the geometri
frustration, which is possibly inherent due to the geometry
V atoms and the negative Weiss temperature of240 K.1

The low-T properties of LiV2O4 are apparently of inter-
metallic dense Kondo systems, showing a fairly large el
tronic specific-heat coefficientg;420 mJ/mol K2,1,2 a broad
maximum of magnetic susceptibility,1,3 and a metallic con-
ductivity with a T2 behavior below a coherence temperatu
T* 520230 K.4 Indeed, the origin of the HF behavior ha
been considered from various angles, but a uniform un
standing remains to be achieved. Uranoet al. suggest the
importance of the geometrical frustration,4 which is inferred
from the occurrence of spin-glass order by the slight sub
tution for the Li or V sites.5–7 A recent inelastic neutron
scattering study has revealed a feature of frustrated ma
tism in LiV2O4.8 On the other hand, a broad maximum
7Li 1/T1(T) at 30250 K and a constant (T1T)21 at low T
have been found, suggesting a dense Kondo picture.9 7Li
1/T1(T) has also been interpreted from the viewpoint of t
ferromagnetic instability predicted in the spin fluctuati
theory.10 From the theoretical side, various approaches h
been introduced and several groups focus on the geome
frustration.11–13

To gain more insight into this problem, the discovery
other examples ofd-electron material to exhibit HF behavio
is of significant importance. From this viewpoint, it is inte
esting to note the low-T properties of the metallic oxide
g-NaxCo2O4 (1<x<1.5), which is well known as a larg
thermoelectric material.14 This compound has been found
exhibit a largeg of ;80 mJ/mol K2 at 2 K and a Curie-
Weiss behavior of magnetic susceptibility with a Weiss te
perature Q;2120 K showing no sign of magneti
order.15–17 NaxCo2O4 has a layered structure consisting
CoO2 layers in which the Co atoms form a two-dimension
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regular triangular lattice with interlayers of Na atoms alte
natively stacked along thec axis.18 In addition to the largeg
value and the metallic conductivity, the absence of magn
order and the arrangement of the magnetic ions sitting o
geometrically frustrated lattice are characteristic features
common with LiV2O4. Also, the C15 Laves phase com
pound (Y0.95Sc0.05)Mn2, in which the arrangement of the M
atoms is equivalent to B sites on spinel lattice, has b
found to show no magnetic order and HF behavior withg
5150 mJ/mol K2.19

In the present work, the intrinsic low-T properties of
Na1.5Co2O4 have been investigated through the measu
ments of dc magnetic susceptibility (x), electrical resistivity
(r), and specific heat (C). For the precise investigations
high-purity specimens which were melted and grown in
floating-zone furnace were prepared. The crystal growth w
performed in a high-pressure oxygen atmosphere of
21.0 MPa. The final products were not single crystals
multiple crystals. All the peaks observed in the powder x-r
diffraction were indexed asg-NaxCo2O4. The lattice con-
stants were estimated to bea52.84(5) Å and c
510.85(2) Å, similar to those reported in the previo
work.20 The chemical composition of NaxCo2O4 was deter-
mined to bex;1.5 by inductively coupled plasma analysi
dc magnetic susceptibility was measured by a supercond
ing quantum interference device magnetometer. Specific
was measured by a thermal relaxation method. Electrica
sistivity was measured using a standard four-probe te
nique.

Figure 1 shows thex(T) data for the melt-grown crysta
of Na1.5Co2O4 in a magnetic field ofH51 T. A remarkable
feature is a broad peak ofx(T) at 10220 K, which is simi-
lar to that observed in LiV2O4.1 No indication of magnetic
order above 2 K was found in our field-cooled and zero
field-cooled x(T) measurements. While for the sintere
sample of Na1.5Co2O4, thex(T) curve has been reported t
show a monotonic increase as temperature decreases.17 This
is probably because the low-T peak is masked by a Curie
like behavior of magnetic impurities or defects contained
the sintered sample. Also for LiV2O4, a broad peak ofx(T)
is often masked by a Curie-like behavior depending on
sample quality.3 The x(T) curve for the melt-grown crysta
©2004 The American Physical Society12-1
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was fitted by the expressionx(T)5x01C/(T2Q) for 50
<T<300 K, yielding a Curie constant C50.369
emu/mol K, a Weiss temperatureQ52139 K, and a
T-independent susceptibilityx051.1231024 emu/mol. For
NaCo2O4, Co ion has a mixed valence between Co31 (3d6)
and Co41 (3d5) (Co31/Co4151), which are presumably in
the low spin state withS50 andS51/2, respectively. The
value of C corresponds to an effective magnetic mome
meff;1.22mB per Co site.

Next, we show thex(T) data for Na1.5Co2O4 at various
magnetic fields up to 7 T in Fig. 2. The inset of Fig. 2 sho
the x(T) data for LiV2O4, which were collected using th
specimen used in the previous work.7 In the x(T) curves
both for Na1.5Co2O4 and LiV2O4, a broad peak is observe
at 10220 K, and a low-T upturn seen atH50.1 T vanishes
at H57 T. This is due to the saturation of the moments
the magnetic impurities in the high magnetic field, indicati
that the intrinsicx(T) behavior is observed atH57 T. A
remarkable feature is that the height and position of the p
commonly appear to be almost unchanged by the applica
of high magnetic field. Moreover, the peak temperature
x(T) at H57 T for Na1.5Co2O4 is identified asTp;14 K,
similar to that for LiV2O4 (Tp515216 K). The broad peak
behavior inx(T) is similarly observed in intermetallic dens

FIG. 1. Plots of magnetic susceptibility vs temperature data
Na1.5Co2O4 at H51 T.

FIG. 2. Plots of magnetic susceptibility vs temperature data
the melt-grown crystal of Na1.5Co2O4 in various magnetic fields up
to 7 T. The inset shows those for LiV2O4.
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Kondo systems, which are thought to become Pauli param
netic below the peak temperature. The broad peak beha
however, does not agree withS51/2 Kondo model
predictions,3 since the behavior is limited to the model wit
J>3/2.21

For LiV2O4, a metallic behavior withr(T)}T2 has been
observed belowT* 520230 K, indicating the formation of
heavy-mass Fermi liquid~FL! below T* .4 The results of the
r(T) measurements for the melt-grown crystal
Na1.5Co2O4 are displayed in Fig. 3.r(T) was measured
along the cleaved~001! surface of the melt-grown crysta
The sample was not a single crystal but we think that
data roughly represent the in-plane resistivity due to the c
tal orientation. In Fig. 3, ther(T) curve decreases as th
temperature is lowered below 300 K and shows a higher
of decrease below 30240 K. The inset of Fig. 3 shows a
plot of r vs T2 at low T, clearly indicating aT2 behavior in
r(T). Thus, ther(T) data suggest the FL behavior belo
T* 530240 K. T* was found to nearly correspond to th
temperature below which the deviation from the Curie-We
behavior inx(T) is apparent, as in LiV2O4.4 We obtain a
coefficient of theT2 term,A50.48mV cm/K2, which yields
A/g2;1.331024 mV cm/K2/(mJ/mol K22)2. The value of
A/g2 is fairly larger than that for the Kadowaki-Woods rel
tion, i.e., A/g2;1025 mV cm/K2/(mJ/mol K22)2, but the
value would be reduced if we used a single-crystal specim
for the r(T) measurement.

Ther(T) data in Fig. 3 is inconsistent with that measur
using a single-crystal specimen of NaCo2O4 prepared by
NaCl-flux technique in the previous work,14 where r(T)
along the~001! plane decreases monotonously as tempe
ture decreases even at lowT. The origin of the discrepancy is
unclear but a similar discrepancy has also been obse
between sintered samples,22,23one of which shows a metallic
behavior with a marked decrease inr(T) below ;40 K,
similar to r(T) in Fig. 3, and is prepared by ‘‘rapid heat-u
technique.’’23 One may consider that ther(T) data in Fig. 3
reflect not only in-plane resistivity but also out-of-plane r
sistivity, which has been reported to show a maximum
;200 K.14 However, we note thatr(T) in Fig. 3 shows no
tendency to make a maximum at;200 K and out-of-plane

r

r

FIG. 3. Temperature dependence of electrical resistivity for
melt-grown crystal of Na1.5Co2O4. The inset shows the data o
electrical resistivity plotted againstT2.
2-2
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resistivity reported previously does not show a marked
crease below 40 K.14

Next, we investigate the behavior ofC/T vs T for the
melt-grown crystal of Na1.5Co2O4. The result is shown in
Fig. 4, whereC/T shows a gradual decrease with decreas
temperature. The behavior is inconsistent with that for
sintered sample of NaCo2O4 in the previous work, where
C/T increases with decreasing temperature below 5 K and
reaches 80 mJ/mol K2 at 2 K.15 For a sintered sample, th
contribution of the magnetic impurities, associated with
release of the magnetic entropyS5*C/TdT at low T, could
not be excluded. In Fig. 4,g(2 K) ([C/T at 2 K! for
Na1.5Co2O4 is estimated to be;60 mJ/mol K2, which is
three times larger than the value obtained from a recent b
calculation.24 The C/T2T curve is qualitatively similar to
that for UGa3 (g543 mJ/mol K2).25 Using x(2 K)
522 mJ/mol T2 and g(2 K)560 mJ/mol K2, we obtain a
Wilson ratioRw;2.7. No indication of magnetic order wa
found for both samples in the measurements for 2<T
<100 K.

For LiV2O4, g(T) is fitted by the prediction for theS
51/2 Kondo model, yielding a Kondo temperatureTK
527.5 K.1 Assuming one spin (S51/2) per formula unit, the
C/T2T curve for the melt-grown crystal of Na1.5Co2O4 was
also reproduced by the prediction for anS51/2 Kondo
model~Ref. 26! with TK5140 K at least in the limited tem
perature range 2<T<15 K. However,TK is fairly higher
thanTp (;14 K) for x(T) andT* (530240 K) for r(T),
inconsistent with a dense Kondo picture. In the inset of F

FIG. 4. Plots of specific heat divided by temperatureC/T vs
temperatureT for the melt-grown crystal of Na1.5Co2O4. The inset
shows plots ofC/T vs T in a magnetic field of 10 T~open squares!
and in zero field~closed circles!.
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4, the C/T2T curve for the melt-grown crystal o
Na1.5Co2O4 in a magnetic field ofH510 T, together with
the zero-field data, is shown.g(2 K) for H510 T was esti-
mated to be about 10% larger than that for zero field. Thi
contrary to that expected in conventional dense Kondo s
tems, where the value ofg tends to decrease with applie
magnetic field and the field dependence is explained by
broadening of the Kondo resonance with applied field.27,28

Na1.5Co2O4 is unlike dense Kondo systems.
It should be noted that, in both of Na1.5Co2O4 and

LiV 2O4, below T* , the system shows FL behavior accom
panied by a large mass enhancement andx(T) deviates from
the Curie-Weiss behavior showing a broad peak at
216 K. These behaviors suggest that the mass-enhance
ground states in these compounds are analogous to
other. A Kondo lattice model has been proposed
LiV 2O4,29 but is not adequate as a unified description
these compounds because Na1.5Co2O4 is unlike dense Kondo
systems as mentioned above. Moreover, it is not obvi
how the localized moments and itinerant carriers as
f-electron HF compounds originate from the same 3d shell.
A common feature between Na1.5Co2O4 and LiV2O4 is the
geometry of magnetic ions possibly giving rise to the sp
frustration. Furthermore, HF behavior has been found
(Y0.95Sc0.05)Mn2 (g5150 mJ/mol K2) ~Ref. 19! and b-Mn
(g570 mJ/mol K2),30 both of which have magnetic ions si
ting on a geometrically frustrated lattice and do not show a
magnetic order. It is hard to imagine that the common str
tural feature possibly leading to the spin frustration in t
mass-enhanced FL compounds noted above is accidenta

In summary, our measurements for the melt-grown crys
of Na1.5Co2O4 have revealed a largeg value of
;60 mJ/mol K2 at 2 K, aT2 behavior ofr(T), and a char-
acteristic broad peak behavior ofx(T) at ;14 K, suggesting
the formation of mass-enhanced FL analogous to tha
LiV 2O4 below T* 530240 K. Absence of magnetic orde
and mass-enhanced FL behavior are common features am
Na1.5Co2O4, LiV 2O4, (Y0.95Sc0.05)Mn2, and b-Mn, all of
which have a magnetic sublattice identical to that in ge
metrically frustrated systems. To advance towards further
derstanding for what happens in these systems, the theo
cal explanation is desirable for the origin of the broad pe
behavior inx(T) and the role of the geometrically frustrate
lattice in the ground state.

This work was supported in part by a Grant-in-A
for Scientific Research~Grant No. 15740215! from the
Japanese Ministry of Education, Culture, Sports, Science
Technology.
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