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Mass-enhanced Fermi-liquid ground state in NaCo0,0,
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Magnetic, transport, and specific-heat measurements have been performed on layered metallic oxide
Na, sC0,0, as a function of temperatur€. Below a characteristic temperatufé =30—40 K, electrical
resistivity shows a metallic conductivity with & behavior and magnetic susceptibility deviates from the
Curie-Weiss behavior showing a broad peak ~at4 K. The electronic specific-heat coefficient is
~60 mJ/mol ¥ at 2 K. No evidence for magnetic ordering is found. These behaviors suggest the formation of
mass-enhanced Fermi-liquid ground state analogous to tttaelactron heavy fermion compound Li@,.
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There has been a great deal of interest in the physics akgular triangular lattice with interlayers of Na atoms alter-
geometrically frustrated spin systems, in which the long-natively stacked along theaxis!® In addition to the largey
range magnetic order tends to be suppressed and novel typ@siue and the metallic conductivity, the absence of magnetic
of phase transitions or ground states are expected. In particérder and the arrangement of the magnetic ions sitting on a
lar, the recent discovery of the heavy fermi#F) behavior  geometrically frustrated lattice are characteristic features in
in LiV,0, has stimulated new interest in the geometricallycommon with LiV,0,. Also, the C15 Laves phase com-
frustrated systems, where the HF be_hawor is demonstrat%und (Yo 955G 09 Mn,, in which the arrangement of the Mn
by thed electrons on the spinel B latticeOne of the most  45ms s equivalent to B sites on spinel lattice, has been

exciting scenario is the generation of theslectron heavy found to show no magnetic order and HF behavior wjth
fermions through the effect coming from the geometricaI:150 mJ/mol 1.1

frustration, which is possibly inherent due to the geometry of In the present work, the intrinsic loW- properties of

V atoms and the negative Weiss temperature-d0 K.! . .
g P Ng sC0,0, have been investigated through the measure-

The low-T properties of Li\O, are apparently of inter- . e ; o
metallic dense Kondo systems, showing a fairly large elecments of dc magnetic susceptibility), electrical resistivity

tronic specific-heat coefficient~420 md/mol K, %2a broad (), and specific heatQ). For the precise investigations,
maximum of magnetic susceptibiliy? and a metallic con- high-purity specimens which were melted and grown in a
ductivity with a T2 behavior below a coherence temperaturefloating-zone furnace were prepared. The crystal growth was

* =20-30 K.* Indeed, the origin of the HF behavior has performed in a high-pressure oxygen atmosphere of 0.5
been considered from various angles, but a uniform under= 1.0 MPa. The final products were not single crystals but
standing remains to be achieved. Uragioal. suggest the multiple crystals. All the peaks observed in the powder x-ray
importance of the geometrical frustratibmhich is inferred  diffraction were indexed ag-NaCo,0,. The lattice con-
from the occurrence of spin-glass order by the slight substistants were estimated to be=2.84(5) A and c
tution for the Li or V sites™’ A recent inelastic neutron- =10.85(2) A, similar to those reported in the previous
scattering study has revealed a feature of frustrated magniork.2’ The chemical composition of N&0,0, was deter-
tism in LiV,0,.2 On the other hand, a broad maximum of mined to bex~ 1.5 by inductively coupled plasma analysis.
Li 1/T,(T) at 30-50 K and a constantT;T) ! at low T  dc magnetic susceptibility was measured by a superconduct-
have been found, suggesting a dense Kondo piétuile.  ing quantum interference device magnetometer. Specific heat
1/T,(T) has also been interpreted from the viewpoint of thewas measured by a thermal relaxation method. Electrical re-
ferromagnetic instability predicted in the spin fluctuation sistivity was measured using a standard four-probe tech-
theory!® From the theoretical side, various approaches haveique.
been introduced and several groups focus on the geometrical Figure 1 shows thg/(T) data for the melt-grown crystal
frustration!'~13 of Na, £C0,0, in a magnetic field oH=1 T. A remarkable

To gain more insight into this problem, the discovery of feature is a broad peak of( T) at 10-20 K, which is simi-

other examples aod-electron material to exhibit HF behavior lar to that observed in LiY¥O,.* No indication of magnetic
is of significant importance. From this viewpoint, it is inter- order aboe 2 K was found in our field-cooled and zero-
esting to note the low properties of the metallic oxide field-cooled x(T) measurements. While for the sintered
v-Na,Co,0, (1=x=<1.5), which is well known as a large sample of Na:Co,0,, the x(T) curve has been reported to
thermoelectric materidf® This compound has been found to show a monotonic increase as temperature decrea3tss
exhibit a largey of ~80 mJ/molK at 2 K and a Curie- is probably because the loW-peak is masked by a Curie-
Weiss behavior of magnetic susceptibility with a Weiss tem-ike behavior of magnetic impurities or defects contained in
perature ®~—120 K showing no sign of magnetic the sintered sample. Also for LpD,, a broad peak of(T)
order’®~1" Na,Co,0, has a layered structure consisting of is often masked by a Curie-like behavior depending on the
CoG, layers in which the Co atoms form a two-dimensional sample quality. The x(T) curve for the melt-grown crystal
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FIG. 1. Plots of magnetic susceptibility vs temperature data for 0 100 200 300
Na; 0,04 atH=1 T. Temperature (K)
was fitted by the expressiog(T) = xo+ C/(T—0) for 50 FIG. 3. Temperature dependence of electrical resistivity for the

<T<300K, vyielding a Curie constantC=0.369 melt-grown crystal of NasCo,0,. The inset shows the data of
emu/molK, a Weiss temperatur®=—139 K, and a e€lectrical resistivity plotted againgt’.

T-independent susceptibilityo=1.12< 10"* emu/mol. For  Kondo systems, which are thought to become Pauli paramag-

NaCg0,, Co ion has a mixed valence betweer’C¢3d®)  netic below the peak temperature. The broad peak behavior,

and Cd* (3d°) (Co®*/Cao** =1), which are presumably in however, does not agree witts=1/2 Kondo model

the low spin state witt8=0 and S=1/2, respectively. The predictions’ since the behavior is limited to the model with

value of C corresponds to an effective magnetic momentl=3/2.2

Meii~1.22upg per Co site. For LiV,0,, a metallic behavior wittp(T)=T? has been
Next, we show they(T) data for NaCo,0, at various observed below™* =20—30 K, indicating the formation of

magnetic fields up to 7 T in Fig. 2. The inset of Fig. 2 showsheavy-mass Fermi liqui6FL) below T*.# The results of the

the x(T) data for LiV,0,, which were collected using the p(T) measurements for the melt-grown crystal of

specimen used in the previous wdrkn the x(T) curves Na; sC0,0, are displayed in Fig. 3p(T) was measured

both for NQSCOZO4 and Liv204, a broad peak is observed along the C|eaveG1001) Su_l’face of the melt'grOW.n CryStal.

at 10- 20 K, and a lowT upturn seen ati=0.1 T vanishes The sample was not a sm_gle crystal _bqt we think that the

atH=7 T. This is due to the saturation of the moments ofdata r_oughl_y represent the in-plane resistivity due to the crys-

the magnetic impurities in the high magnetic field, indicatingt@ orientation. In Fig. 3, the(T) curve decreases as the

that the intrinsicy(T) behavior is observed ai=7 T. A temperature is lowered below 300.K and shgws a higher rate

remarkable feature is that the height and position of the peaR decrease E)elow 3040 K. The inset of F;g. 3 shows a

commonly appear to be almost unchanged by the applicatioR!0t of p vs T* at low T, clearly indicating & behavior in

of high magnetic field. Moreover, the peak temperature oP&T)- Thus, theP*(T) data suggest the FL behavior below

x(T) atH=7 T for Na,sC0,0, is identified asT,~14 K, T*=30-40K. T was found to .ne.arly correspond. to th_e

similar to that for LiV,0, (T,=15-16 K). The broad peak temperature below which the deviation from the Curie-Weiss

. . . . . 4 .
behavior iny(T) is similarly observed in intermetallic dense Pehavior inx(T) 1S apparent, as in LQO@ We obtain a
coefficient of theT- term,A=0.48 ) cm/K=, which yields

0.003 . ' ' . . Aly?~1.3x10* wQ cm/K2/(mJ/mol K 2)2. The value of
el ' = B e, ] Al 2 is fairly larger than that for the Kadowaki-Woods rela-
I £ o013, o oot tion, i.e., A/y*~10"° uQ cm/K?/(mJ/mol K ?)?, but the
=3 s £ | % . 1] value would be reduced if we used a single-crystal specimen
£ 50025 T .. ] for the p(T) measurement. _ _
3 mﬂg 0.008 * 1. The p(T) data in Fig. 3 is inconsistent with that measured
% o P L'Y2O4, , ] using a single-crystal specimen of Na@y prepared by
~ ) g 0 50 100} NaCl-flux technique in the previous wotk,where p(T)
E 0,002l ] T (K) ] along the(001) plane decreases monotonously as tempera-
s | L ] ture decreases even at [@wThe origin of the discrepancy is
10:01T v P ] unclear but a similar discrepancy has also been observed
LA T L between sintered sampl&s>>one of which shows a metallic
0001512 7T IN?1-5‘C°2|O4‘ T behavior with a marked decrease #{T) below ~40 K,
: 50 20 40 60 80 100 similar to p(T) in Fig. 3, and is prepared by “rapid heat-up
Temperature (K) technique.® One may consider that thgT) data in Fig. 3

reflect not only in-plane resistivity but also out-of-plane re-

FIG. 2. Plots of magnetic susceptibility vs temperature data forsistivity, which has been reported to show a maximum at
the melt-grown crystal of Na&Co,0, in various magnetic fields up ~ 200 K.}* However, we note that(T) in Fig. 3 shows no
to 7 T. The inset shows those for Lj@,. tendency to make a maximum at200 K and out-of-plane
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[T LR 4, the C/T—T curve for the melt-grown crystal of
150} E Laannl Ng s5C0,0, in a magnetic field oH=10 T, together with
[ 2 50 geor | the zero-field data, is shown(2 K) for H=10 T was esti-
¥ T |oitoT : mated to be about 10% larger than that for zero field. This is
8100‘_ S oleoT . Na15C0,04 | contrary to that expected in conventional dense Kondo sys-
s 0 5 10 { tems, where the value of tends to decrease with applied
E [ TK . o magnetic field and the field dependence is explained by the
': [ amumssosssssspec e s o & T broadening of the Kondo resonance with applied fféftf
O 50 T Na, C0,0, is unlike dense Kondo systems.
] It should be noted that, in both of N&o,O, and
i Na,; 50,0, | LiV,0,, belowT*, the system shows FL behavior accom-
o panied by a large mass enhancement gfid) deviates from

the Curie-Weiss behavior showing a broad peak at 14
—16 K. These behaviors suggest that the mass-enhanced FL
- - ground states in these compounds are analogous to each
FIG. 4. Plots of specific heat divided by temperat@fT vs .
temperaturel for the melt-grown crystal of N&Co,0,. The inset E}[\f}er(.) Az\g Egtn ?SO n:)attt:ic dee T;tie:ishgsunti)f?eeg dz;c::??i;(:] ]Ig:
shows plots ofC/T vs T in a magnetic field of 10 Topen squargs 2~ q . . P
and in zero fieldclosed circlel these compounds.becausellgtaozozl is unlike 'dgnse Kondq
systems as mentioned above. Moreover, it is not obvious
resistivity reported previously does not show a marked delOW the localized moments and itinerant carriers as in
crease below 40 F4 f-electron HF compounds originate from the santesBell.
Next, we investigate the behavior @/T vs T for the A common feature between Ng0,0, and LiV;0, is the
melt-grown crystal of NasCo,0,. The result is shown in geometry of magnetic ions possibly giving rise to the spin
Fig. 4, whereC/T showségradual decrease with decreasingmsnation- Furthermore, HF behavior has been found in
temperature. The behavior is inconsistent with that for the Y0.955G.09 M, (7;)150 mJ/mol K) (Ref. 19 and g-Mn -
sintered sample of NaG@, in the previous work, where (¥=70 md/molK),* both of which have magnetic ions sit-
C/T increases with decreasing temperature wefoK and ting on a geometrically frustrated lattice and do not show any
reaches 80 mJ/molKat 2 K15 For a sintered sample, the magnetic order. It is hard to imagine that the common struc-
contribution of the magnetic impurities, associated with thefural feature possibly leading to the spin frustration in the
release of the magnetic entrofy= [C/TdT at low T, could mass-enhanced FL compounds noted above is accidental.
not be excluded. In Fig. 4y(2 K) (=C/T at 2 'K) for In summary, our measurements for the melt-grown crystal
Na, £C0,0, is estimated to be-60 md/mol ¥, which is  ©f Nal-SCOZOé have re\2/ealed a largey value of
three times larger than the value obtained from a recent band 60 MJ/mol K at 2 K, aT* behavior ofp(T), and a char-
calculation?* The C/T—T curve is qualitatively similar to  acteristic broad peak behavior ofT) at~14 K, suggesting
that for UGa (y=43 mdimolk).2 Using x(2 K) the formation of mass-enhanced FL analogous to that in
=22 mJ/imol ® and (2 K)=60 mJ/mol €, we obtain a LiV,0, below T* =30—40 K. Absence of magnetic order
Wilson ratioR,,~2.7. No indication of magnetic order was and mass-enhanced FL behavior are common features among
W b .
found for both samples in the measurements feeT2 Nay sC0,0,, LiV20s, (Y0.955G.09Mn,, and 5-Mn, all of
<100 K. which have a magnetic sublattice identical to that in geo-
For LiV,0;, ¥(T) is fitted by the prediction for th& metrically frustrated systems. To advance towards further un-
—1/2 Konfjo4’model yielding a Kondo temperatufie derstanding for what happens in these systems, the theoreti-
—27.5 K Assuming ,one sping=1/2) per formula unit, the cal explanation is desirable for the origin of the broad peak
C/T;T c.urve for the melt-grown crystal of NaCo,0, V\'/as behavior iny(T) and the role of the geometrically frustrated
also reproduced by the prediction for @ 1/2 Kondo lattice in the ground state.
model(Ref. 26 with Tx=140 K at least in the limited tem- This work was supported in part by a Grant-in-Aid
perature range 2 T<15 K. However, Ty is fairly higher for Scientific ResearchGrant No. 15740215 from the

thanT, (~14 K) for x(T) andT* (=30—-40 K) for p(T), Japanese Ministry of Education, Culture, Sports, Science and
inconsistent with a dense Kondo picture. In the inset of FigTechnology.
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