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59Co NMR studies of metallic NaCo2O4
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59Co NMR studies have been performed in metallic NaCo2O4 in the temperature range 350–100 K. The
powder patterns predominantly correspond to typical second-order quadrupolar splitted central transition of
two inequivalent cobalt sites. Features of magnetic interaction are also present. The analysis of the NMR line
shape shows that the electric field gradient~EFG! experienced by one of the two sites~site 1! is independent
of temperature, whereas around 47% increment in EFG has been observed for site 2 as the temperature is
lowered from 350 to 100 K.59Co NMR shift for each site is almost isotropic in character which varies linearly
with susceptibility and basically consists of two parts. Both the sites suffer a large temperature independent
shift due to the contribution from orbital paramagnetism (xvv) which is analogous in metals to the Van Vleck
paramagnetic susceptibility. The temperature-dependent Knight shift for site 1 reveals a negative hyperfine
coupling constant (Ahf

d ) arising from inners core polarization by thed electrons which are itinerant in char-
acter. A positiveAhf

d observed for site 2 cannot be interpreted directly in a metallic system such as NaCo2O4.
A comparison of the magnitude ofAhf

d with those of other cobalt oxides suggests that the nucleus which is
being probed by NMR, belongs to a diamagnetic cobalt state. Thus the present NMR results together with the
susceptibility indicate the presence of Co31 ion with S 5 0 and the magnetic Co41 ion.
@S0163-1829~99!01314-4#
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I. INTRODUCTION

The 3d transition metal oxides have attracted renew
attention since the discovery of high-temperature superc
ducting ~HTSC! oxides. As a result of it new materials an
new phenomena are being discovered.1 Much before the dis-
covery of copper based HTSC’s, superconductivity has b
found in the transition metal oxide having spinel structu
such as LiTi2O4 with Tc513.7 K.2 Of the known spinels
with trivalent titanium, MgTi2O4 is one of the most studied
compounds although its electrical properties are s
unclear.3 Among the several hundred known oxide spin
compounds, few are known to exhibit a metallic electro
ground state at low temperature. LiV2O4 is one of them.2

Interestingly, it is found4 to exhibit heavy fermion behavio
characteristic of those of the heaviest massf-electron
systems.5 In addition to the spinel oxides, superconductiv
has also been found in the layered perovskites such
Sr2RuO4.6 This discovery demonstrates that the presence
copper is not a prerequisite for the existence of supercon
tivity in a layered perovskite. The basic understanding of
conduction mechanism of the conducting transition metal
ides may be helpful to elucidate the concept of supercond
tivity in HTSC’s, which is even now not clear.

As a reference of HTSC’s, the alkali cobalt oxid
NaCo2O4 and KCo2O4 are being investigated extensively
they exhibit metallic conduction.7,8 They belong to a bronze
type compound expressed asAxBO2 (0.5<x<1)9 and have
layered structure where Na~or K! ~50% occupied! and CoO2
are alternately stacked along thec axis. Each Co ion is sur
rounded by slightly distorted oxygen octahedra. Though
PRB 590163-1829/99/59~14!/9454~8!/$15.00
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oxidation state of the cobalt ion is not known unambiguou
it is generally assumed that they contain equal amoun
Co31 and Co41 ions. In the octahdral ligands 3d spins of
Co31 and Co41 ions are presumably in the low spin sta
with S50 andS51/2, respectively. Susceptibility measur
ments show that both of them exhibit Curie Wei
behavior.7,8 Assuming that only Co41 spins contribute to the
Curie constant in case of KCo2O4, the effective magnetic
moment was calculated to be about 0.8mB .8 This value is
smaller than 1.73mB which is the spin only value of a free
atom with S51/2. However, such calculation was not a
tempted in case of NaCo2O4.

Recent measurement10 of thermoelectric power and resis
tivity of single crystal NaCo2O4 has unfolded its technologi
cal importance. Interestingly it exhibits one order of mag
tude larger thermoelectric power~100 m/K at 300 K! than
typical metals and HTSC’s, while it has a low resistivi
(ra) ~200 mV cm at 300 K! as HTSC’s. The large thermo
electric power accompanied by lowra suggests that
NaCo2O4 is applicable to thermoelectric devices which co
vert heat into electric energy through the thermoelec
power of solids. It should also be noted that the results sh
a strong anisotropy between in-plane (ra) and out of plane
(rc) resistivity both in magnitude and in the nature of tem
perature variation.rc shows a crossover from semiconduc
ing to metallic phase around 200 K with the decrease
temperature, whereasra shows metallic conduction throug
all temperatures.

In order to understand the conduction mechanism of
technologically important two-dimensional oxide an exte
sive investigation of the electronic structure of the octa
9454 ©1999 The American Physical Society
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PRB 59 945559Co NMR STUDIES OF METALLIC NaCo2O4
drally coordinated Co ions is needed. NMR being a mic
scopic tool will be helpful to investigate the electronic sta
locally. In this paper, the results of systematic59Co NMR
studies have been reported. The present investigation is
cerned primarily with the studies of the paramagnetic pr
erties of metallic NaCo2O4. New susceptibility (x) data have
also been presented. The contributions to the susceptib
from Van Vleck term andd-band spin paramagnetism a
obtained from susceptibitlty data and are compared by stu
ing the 59Co NMR frequency shift as a function of susce
tibility. Lastly, the nature of the oxidation state of the cob
ion in this system would be discussed.

II. EXPERIMENTAL RESULTS

Fresh polycrystalline specimens of NaCo2O4 were pre-
pared in two lots and characterized as mentioned in the w
of Tanakaet al.7 Susceptibility data were taken in a supe
conducting quantum interference device~SQUID! magneto-
meter at 100 Oersted. For NMR measurements powde
sample were kept in a sealed glass tube filled with pure
gon. Both59Co and23Na NMR signals were observed, how
ever, we shall discuss here only59Co NMR results. Since
the oxidation state of the cobalt ion is not known unambig
ously, we at present will not assign the59Co NMR spectra to
any particular type of cobalt ion. Assignment will be made
a consequence of the behavior of the observed NMR par
eters~Sec. IVB!.

59Co NMR spectra are obtained in the field-sweep mo
using Varian Associates WL210 nuclear induction spectro
eter combined with a Varian V7400 electromagnet. First
rivatives of the absorption lines have been recorded at a fi
resonating frequency (nR) which lies in the range 14–18
MHz. Investigations are made in the temperature range 3
100 K. Temperature variation is achieved by controlling t
temperature of the precooled stream of nitrogen gas, usi
Varian V4540 temperature controller. Experiments at diff
ent frequencies have been performed to confirm the abs
of any trace amount of Co3O4 which may be present as a
impurity in the sample.8

As mentioned earlier, the system is metallic; and thus
avoid the skin depth problem of the rf power, the experim
is performed on a polycrystalline sample with small gra
size. Because of the powdered sample, the line shape o
quadrupolar nucleus59Co is distributed over a wide range o
frequency and this causes a decrease in theS/N ratio. To
increase theS/N ratio a Tracor Northern NS570A signa
analyzer is incorporated. The Knight shifts are measu
with respect to the reference position (nR) of 59Co resonance
in the K3Co(CN)6 solution.

A. Temperature variation of NMR spectra

Some typical59Co NMR spectra at different temperatur
are shown in Fig. 1. At 300 K, the spectrum appears to b
second order quadrupolar splitted line of the central tra
tion corresponding to a single cobalt site. Moreover, t
spectrum experiences a huge amount of positive~low field!
magnetic shift and therefore the position of the refere
(nR) could not be indicated in the figure. Almost simila
spectral features are observed down to 250 K. At 220
-
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structure appears on both side of the main pair of line sha
These structures have been found to be more and more
solved with the further lowering of temperature and, in fa
the separation between these two structures~i.e., the outer
pair! increases as the temperature decreases. However
separation between the inner pair remains the same thro
all temperatures. Spectrum at 175 K~Fig. 1! exhibits these
features. As the behavior of the spectra is quite comple
detailed analysis of the line shape is needed to extract
hyperfine interaction parameters at each temperature.

B. Analysis of NMR line shape

In a system containing magnetic ions, the most gene
Hamiltonian11 for a nucleus having spinI .1/2 in the pres-
ence of a magnetic fieldHW 0 is written as

H5H01Hchem1HM1HQ , ~2.1!

where H0 is the Zeeman term,Hchem represents the
temperature-independent chemical shift interaction includ
the contribution from orbital paramagnetismxVV in metals,
which is analogous12 to the Van Vleck paramagnetic susce
tibility, HM is due to magnetic hyperfine interaction, andHQ
is the electric quadrupolar interaction. Assuming that
principal axes of the electric field gradient~EFG! tensor and
the magnetic shift tensor are coincident, the resona
condition13 in the case of the central transition may be wr
ten as

n1/2↔21/25nR@11K iso1Kax~3 cos2 u21!

1Kanisosin2 u cos2 f#2
R

6n0
@A~f!cos4 u

1B~f!cos2 u1C~f!#, ~2.2!

FIG. 1. Some typical first derivative spectra of59Co NMR ab-
sorption lines in NaCo2O4 at different temperatures, recorded
16.2 MHz in a field swept mode. The vertical arrows (↓) indicate
the field position 15.77 kOe. Since the position of the referencenR

~i.e., 16.2 MHz! is far away from the field range it could not b
shown in the figure. The continuous line represents the fitted pat
obtained from the least square fitting of the experimental spectr
explained in the text.
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9456 PRB 59R. RAY, A. GHOSHRAY, K. GHOSHRAY, AND S. NAKAMURA
whereu andf are the polar angles ofHW 0 with respect to the
principal axes system of EFG or magnetic shift tensor.nR
5gH0/2p, the resonance position of the referenc
n05nR(11K iso), R5nQ

2 @ I (I 11)23/4#, and K iso51/3(K1

1 K2 1 K3), Kax 5 1/6(2K32K12K2), Kaniso 5 1/2(K2
2K1). K1 , K2, andK3 are the principal values of the shi
tensor and the principal axes system is chosen in such a
that K1,K2,K3. The termsA(f), B(f), and C(f) are
related to the asymmetry parameter (h) of the EFG tensor.
Any contribution fromHchemis included withinK1 , K2, and
K3.

Methods of determining the hyperfine interaction para
eters have been developed for polycrystalline samples
Jones et al.14 for systems with axial symmetry and b
Baugheret al.13 to cover cases of complete asymmetry. T
absorption pattern of59Co NMR spectrum is

I ~n!5E
2`

`

P~n8! exp@2~n2n8!2/2b2#dn8, ~2.3!

where 2b is referred to as the ‘‘intrinsic linewidth’’ and
P(n8) is the normalized line shape function. If we consid
that EFG and the magnetic shift tensors are axially symm
ric then P(n8)51/2udn8/d cosuu21, 21<cosu<1. Using
Eq. ~2.2! with the restrictionh50 andKaniso50, an explicit
calculation ofP(n8) shows that the function possesses t
singularities and a step atnH , nL , andnS , respectively, at
different values of cosu.14 The step is not usually detectabl
It may be noted that the two singularitiesnH andnL corre-
spond to the low and high field side divergent points of
line shape which is recorded in the field sweep mode. T
fractional shifts of these two singularities with respect tonR
are given by

KH5
nH2nR

nR
5K iso2Kax1

R

16nR
2~11K iso!

, ~2.4a!

KL5
nR2nL

nR
52K iso2

2Kax

3
1

R

9nR
2~11K iso!

1
4Kax

2

R
nR

2 .

~2.4b!

In order to extract the hyperfine interaction parameter
300 K, KH andKL have been plotted againstnR

22 as shown
in Fig. 2. The linear variation ofKL vs nR

22 implies thatKax

is very small and thus the fourth term in the expression ofKL
can be ignored. The infinite frequency extrapolated int
cepts~Fig. 2! of these two plots provide two equations who
solutions give the value ofK iso andKax as 1.62 and 0.018 %
respectively. Using this value ofK iso, the quadrupolar inter-
action strengthnQ has been calculated from the slope
KH , KL vs nR

22 lines. The average of these two is 1.0
60.06 MHz.

The spectral feature varies widely at low temperatures
because of the difficulties of taking a sufficient number
data at different frequencies at a particular temperature,
have to depend only on the least square method of fitting
spectra using explicit equations~2.2! and ~2.3!. These theo-
retical spectra are shown by the continuous lines in Fig
The nice agreement of the hyperfine interaction parame
obtained by fitting the experimental spectrum at 300 K w
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that found from graphical technique confirms the uniquen
of this least square fitting method of extracting the hyperfi
interaction~HFI! parameters.

The experimental line shapes below 250 K could be b
fitted with the theoretically generated line shape provid
two inequivalent cobalt nuclei with different HFI’s are con
sidered. For convenience, we will call the59Co sites site 1
which contribute to the inner pair and site 2 corresponds
the outer pair of the line shape. It is known that the a
under the spectrum is proportional to the number of nuc
From the area under the theoretically generated spectra
ratio of the number of nuclei of site 1 to that of site 2
calculated to be 2:1. The reality of the existence of these
cobalt sites has also been applied to extract the HFI par
eters for all the spectrum above 250 K by the least squ
fitting method, though in the case of graphical analysis t
300 K spectrum is treated as an absorption line correspo
ing to a single cobalt site. Since the HFI parameters sho
that at 300 K these two sites are equivalent so the consi
ation of the single site as is assumed in the graphical ana
does not make any difference. The equivalence of these
sites at 300 K agrees well with the room-temperature cr
tallographic structure.9 It is worthwhile to mention that23Na
NMR also corresponds to a single species of sodium ion w
well defined quadrupolar interaction parameters~Fig. 3! at
300 K.

III. TEMPERATURE DEPENDENCE
OF ELECTRIC FIELD GRADIENTS

The temperature variation of the quadrupolar interact
parameternQ which is proportional to the product of th
quadrupolar moment of the nucleus under study and the E

FIG. 2. The variation ofKH andKL with respect tonR
22 at 300

K are shown in~a! and ~b!, respectively.KH andKL represent the
fractional shifts of the two singularities of the line shape functi
with respect tonR as described in Eqs.~2.4a! and~2.4b!. The dotted
lines indicate the intercepts.
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PRB 59 945759Co NMR STUDIES OF METALLIC NaCo2O4
experienced by it is shown in Fig. 4. It implies that the EF
at site 1 is almost independent of temperature and that at
2 decreases continuously with the increase of temperatu
the temperature range 350–100 K.

Since EFG depends sensitively on the charge distribu
around the nucleus in question, it reflects the structural
pects of the compound and provides information about i
icity and bonding.11 Therefore, any change in EFG valu
should be related to either the structural phase change o
change in electronic state associated with the bonding. In
present case, for site 1 the charge distribution around co
nucleus remains unaltered which is the most general c
But for site 2, EFG changes 47% as temperature chan
from 350 to 100 K. It can also be mentioned that temperat
variation of EFG is found in some superconductors such
YBa2Cu4O8, YBa2Cu3O7 ~Ref. 15! and in systems such a
LaCoO3 and NdCoO3 which undergo electronic phas
transition.16 In YBa2Cu3O7, the change of EFG experience
by Cu2 site is found to be 0.5% as temperature changes f
270 to 20 K.

Nevertheless, the form ofr-T,8,10 x-T ~Fig. 5!, and EFG-
T ~Fig. 4! curves exclude the possibility of any structur
phase transition of NaCo2O4 at low temperature. The recen
result of heat capacity measurement in the single crystal

FIG. 3. 23Na NMR spectrum in NaCo2O4 at 300 K recorded at
17 MHz. The continuous line represents the fitted pattern withnQ

51.82 MHz andK iso50.01%.

FIG. 4. The temperature variation ofnQ experienced by the
cobalt nucleus in NaCo2O4 for two species referred as site 1 an
site 2 in the text.
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reveals no anamoly in the temperature range 10–300 K.17 In
order to understand the huge amount of change in the E
found for site 2 in NaCo2O4, model calculations using e.g.,
full potential linearized augmented plane wave~LAPW!
band structure18 are needed.

IV. CONTRIBUTIONS TO THE SUSCEPTIBILITY
AND 59Co NMR SHIFT

A. Magnetic susceptibility

For a metallic system such as NaCo2O4, the total suscep-
tibility x(T) as shown in Fig. 5 is given by

x~T!5xs1xdia1xVV1xd~T!. ~4.1!

xs represents the Pauli paramagnetic component froms elec-
trons. As some of thes electrons can be thought to be loca
ized on the oxygen atoms and hence would not contribut
the electrical and magnetic properties.11 However, there is no
knowledge about the nature ofs electrons from sodium ion
In comparison to the total susceptibilityx(T) at 300 K
(.80031026 emu/mole!, the diamagnetic termxdia, to
which the ion cores contribute, is a small correction. T
term xVV has the origin in the temperature-independent
bital paramagnetism in metals which is analogous to the V
Vleck paramagnetic susceptibility in insulators. In a co
pound containing cobalt ion this generally has a lar
contribution.19 These three terms can be grouped togethe
x0. The temperature-dependent spin paramagnetismxd(T)
arises from the localized character of thed electrons. There-
fore, Eq.~4.1! can be expressed as

x~T!5x01C/~T2Q!. ~4.2!

Applying Eq. ~4.2! to the x-T curve, with the least squar
fitting method,x051.6131024 emu/mole, Curie constan
C50.276 emu K/mole, and paramagnetic Curie tempera
Q52118.5 K are obtained. It is to be noted thatC andQ
values for sodium compound are comparatively higher th
those of potassium compound,8 whereasx0 is relatively
smaller in case of former.

Assuming that all the cobalt sites contribute to the Cu
constant equally, the effective magnetic moment (peffmB) is

FIG. 5. The temperature variation of susceptibility (x) and the
inverse susceptibility (x21) in the temperature range 10–300 K.
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calculated to be about 1.05mB /Co. On the other hand, if we
assume that only Co41 spins contribute to the Curie consta
as in KCo2O4,8 the effective magnetic moment is found to b
around 1.49mB . This value is little bit smaller than 1.73mB
which is the spin only value of Co41 in the low spin state
with spin S51/2. This may indicate that the electrons a
partially localized, which is probable because in the ox
conductor, the carrier density is lower than in pure me
The first possibility corresponds to the case where the co
ions behaves effectively as the Co13.5 ion. In this model the
d band corresponding to the cobalt ion remains partia
filled and it is expected to show conductivity. But in th
second case the cobalt ions exist as Co31 and Co41 and in
the octahedral crystal field the low spin~LS! state of these
two ions areS50 andS51/2, respectively.20 In this model
also electrical conduction is expected arising from the p
tially filled t2g band and due to this partial delocalizatio
character of thed electrons the value ofpeff is less than that
of the completely localized spin only value ofS51/2 ion.
Thus both of these two models are equally probable to
plain the conductivity and the susceptibility results. T
d-band conductivity is also quite evident from the tempe
ture variation of the resistivity data.10 Its strong anisotropic
behavior in magnitude and in theT dependence as well in
dicates that CoO2 layer is responsible for the conductio
mechanism.

B. 59Co NMR Knight shift

The effective magnetic fieldHW at the Co nucleus in
NaCo2O4 may be written as

HW 5HW 01HW D1HW hf
s 1HW hf

d 1HW chem, ~4.3!

where HW 0 is the applied magnetic field,HW D is the dipolar
field due to the electronic magnetic moment of all cob
ions.HW hf

s is the hyperfine field due to the contact interacti

of the conductions electrons andHW hf
d may arise either from

core polarization interaction by thed electrons as in transi

FIG. 6. The temperature variation of the total isotropic sh
(K iso

tot) of 59Co NMR in NaCo2O4 for sites 1 and 2.
e
l.
lt

y

r-

x-

-

t

tion metals or due to transfered hyperfine interaction throu
intervening oxygen ion.HW chem is the Van Vleck term which
results from an induced orbital magnetic moment. Since
dipolar fieldHW D does not contribute to the isotropic shift
may be discarded. Thus the isotropic Knight shift of59Co is
given by

K iso
tot5Kvv1Ks1Kd~T!, ~4.4!

whereKvv is the dominating temperature-independent V
Vleck contribution,Ks is the temperature-independent co
tact hyperfine contribution of the conductions electrons and
Kd is the temperature-dependent shift due to thed spins of
the magnetic ions. Each of these is considered to be pro
tional to the respective contribution of the susceptibil
x(T) of Eq. ~4.1!:21 Ks5asxs , Kvv5avvxvv , Kd
5adxd . Sincexs and xvv are independent of temperatu
andxd depends on temperature as discussed in the prev
section, the total shift@Eq. ~4.4!# can be written as

K iso
tot5K01K~T!5K01adxd~T! ~4.5!

with ad5(NmBg\g)21Ahf
d , whereN is Avogadro’s number,

mB is the Bohr magneton, andAhf
d is the total hyperfine cou-

pling constant.
The temperature variation of the isotropic shiftK iso

tot in the
temperature range 350–100 K for both sites are shown
Fig. 6. The shift for site 1 increases with temperatu
whereas that for site 2 decreases with the increase of t
perature. In order to extract the temperature-independ
contributionK0 and the hyperfine coupling constantAhf

d , the
value ofK iso

tot has been plotted againstx(T) as shown in Fig.
7, taking temperature as an implicit parameter. The value
K0 for both sites can be obtained from Fig. 7 whenx(T)
becomes zero and are listed in Table I. The hyperfine c
pling constantAhf

d as calculated from the slopedK/dx of
K2x curve by using Eq.~4.5! are also given in Table I.

t FIG. 7. The variation ofK iso
tot against susceptibilityx(T) with

temperature as an implicit parameter in the temperature range 3
100 K.
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PRB 59 945959Co NMR STUDIES OF METALLIC NaCo2O4
1. Temperature dependent Knight shift

It is interesting to note that the coupling constantAh f
d is

positive for site 2 and negative for site 1. The negative c
pling constant may be because of the inners core polariza-
tion by thed band electrons as observed in transition me
intermetallic compounds,22 and metallic oxide23 containing
transition elements. On the other hand, a coupling cons
with positive sign observed for site 2 cannot be accoun
for easily in a system having metallic character. It may
either due to the transferred hyperfine interaction betw
the spin of nucleus under question and the electron spi
the magnetic ion via intervening anion as was found in
insulating oxide such as Co3O4 ~Ref. 19! or due to the strong
s-d exchange mixing effects and/or a temperature-depen
orbital susceptibility as was found in hexagonal metals s
as scandium, yttrium, and lanthanum.

If the first possibility is correct, then site 2 must belong
an insulator phase. This then leads to a conclusion
NaCo2O4 in the present study is composed of two phas
one belongs to the metallic phase and the other, an impu
phase, is an insulator. This is in contradiction with the x-r
diffraction results7 and the fact that both59Co and 23Na
NMR spectra at 300 K could be well explained on the ba
of single species. On the other hand, the assumption of
inequivalent sites in a single metallic phase compound
more realistic, wherein two different electronic states arou
the cobalt nucleus exist. It is worthwhile to emphasize, t
the out of plane resistivity (rc) shows a crossover near 20
K from semiconducting to metallic phase with decreas
temperature, whereas the in-plane resistivityra shows a pure
metallic behavior through all temperatures.10 Thus the NMR
results along with the resistivity data demand further study
the electronic state of this interesting quasi-2D layered c
ductor.

Table II shows a list of the magnitude of the couplin
constantAhf

d of the cobalt nucleus in the different cobalt o
ide systems which are insulating in character. In Co3O4, the
Co31 ion is in a diamagnetic state, in LaCoO3 Co31 ions

TABLE I. Temperature-independent shift, hyperfine coupli
constant, and the observed and calculated59Co NMR linewidth
(dn) in the NaCo2O4 system.

Cobalt site K0 Ahf
d dnobs dncal

~%! (1024 cm21) ~kHz! ~kHz!

1 1.71 27.489 11.2 6.21
2 1.22 15.624 11.6 7.06

TABLE II. Comparison of the coupling constantAhf
d in different

cobalt oxide systems.

NaCo2O4 Co3O4
a LaCoO3

b CoOc

site 1 site 2

Ahf
d 27.48 15.62 13.0 37.5 107.6

1024 cm21

aFrom Ref. 19.
bFrom Ref. 25.
cR. G. Shulman@Phys. Rev. Lett.2, 459 ~1959!#.
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are in spin equilibrium between low spin (S50) and high
spin (S52) states, whereas in CoO, Co21 is a magnetic ion.
Comparison of the coupling constant between these syst
shows that if the nucleus under question resides within
ion which itself has an unpaired spin the magnitude of
hyperfine coupling constant is very high. This argume
leads to the conclusion that the cobalt nucleus which is be
probed in the NaCo2O4 system must belong to a cobalt si
which is in a diamagnetic state. Though the ionicity of cob
in NaCo2O4 is not known unambiguously, the above res
suggests that some of the cobalt ions are in a diamagn
state and from susceptibility it is obvious that the rest are
magnetic ions. This result can be incorporated with the s
ond model as described earlier to explain the conductiv
and susceptibility data that it consists of equal number
Co31 and Co41 ions and in the octahedral ligand, Co31 and
Co41 ions are in the LS state with spinS50 andS51/2,
respectively.

2. Contributions to the linewidth

We shall now discuss the different contribution to t
intrinsic linewidth of the59Co NMR spectrum. This intrinsic
linewidth obtained from a least square fitting method do
not show any temperature dependence. Apart from the fi
inhomogeneities arising from the variation of the demag
tizing field within a given particle and between different pa
ticles, the NMR linewidth is mainly governed by nuclea
nuclear dipolar interaction and time-dependent electr
nuclear magnetic interaction.24 The calculated value of the
linewidth ~10.8 kHz! from the nuclear-nuclear dipolar con
tribution in 23Na NMR is very close to the observed line
width ~10 kHz!. This is consistent with the fact that the23Na
NMR line does not experience any magnetic shift. In t
case of59Co NMR the nuclear-nuclear dipole contribution
the linewidth;5.08 kHz, the demagnetization correction
16.2 MHz is;0.87 kHz, whereas the experimental linewid
for sites 1 and 2 are 11.2 and 11.6 kHz. These results
gether with the temperature-dependent shift suggest a
zero contribution to the linewidth due to the paramagne
ion. An estimate for the NMR linewidthdn for a nucleus
interacting with a fluctuating magnetic field is given b
Moriya24 with the result

dn.2~1/6p!1/2~Ahf
d !2S~S11!/3\2ve ,

whereS is the electron spin,g is the nuclear gyromagneti
ratio, and ve , the exchange frequency is defined byve

2

5(2/3)(J/\)2ZS(S11), whereZ is the number of nearest
neighbor magnetic ions to the magnetic Co41 ion andJ is the
exchange constant. The value ofJ has been estimated a
54.51310216 erg usingu52118.5, Z56, S51/2 from the
equationJ53ku/2S(S11)Z. Thus the exchange frequenc
becomesve.1.09731013 sec21. Using the coupling con-
stant as in Table I, the full linewidth for sites 1 and 2 a
estimated as 0.254 and 1.109 kHz, respectively, which
smaller than nuclear-nuclear dipole contribution. Table
shows that the total calculated full linewidth (dncal) is
smaller than the observed linewidth (dnobs). The discrepancy
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between the two values may be due to an extra broade
caused by the skin depth problem of the rf power in t
metallic system .

3. Temperature-independent shift

The temperature-independent shiftK0 for sites 1 and 2 are
;1.71 and 1.22 %, respectively~Table I!. It is worthwhile to
mention that 59Co NMR in perovskites such a
LaCoO3, PrCoO3, etc., exhibits similar large temperatur
independent shifts which accounted for Van Vle
temperature-independent susceptibility.16,25 In the present
case, the temperature-independent shifts in principle are
sum of Kvv and Ks as described in Eq.~4.4!. In a metallic
oxide such as V2O3, s electrons do not contribute to th
electrical and magnetic properties since they are consid
to be localized to the oxygen atoms.23 A similar argument
when applied to NaCo2O4 reveals that eitherKs50 or it is
negligible in comparison toK0. So, K0'Kvv . The Van
Vleck contribution Kvv is given by25 Kvv52^r 23&xvv /N
wherexvv516NmB

2k2/D and ^r 23& is the average value o
r 23 over a single 3d orbital,N is the Avogadro number,D is
the crystal field splitting,mB is the Bohr magneton, andk is
the orbital reduction factor which is defined by the mat
element of thez component of the angular momentum b
tweent2g andeg orbitals.

Using the free ion valuêr 23&56.7 atomic unit corre-
sponding to Co31 ion andKvv as shown in Table I,xvv have
been calculated to be 1.14231024 emu/gm-ion and 0.812
31024 emu/gm-ion for sites 1 and 2, respectively. The te
D/k2 then for sites 1 and 2 comes out to be 4.5 and 6.3
respectively. These are consistent with the values ofD/k2 in
LaCoO3 ~3.8 Ev! ~Ref. 25! and Co3O4 ~4.2 Ev! ~Ref. 26!
systems where also Co31 ions are in oxygen octahedra.

V. CONCLUSION

The temperature variation of the susceptibility and co
ductivity results can be explained equally with the help
two models. The first possibility is that all the cobalt io
contribute equally to the susceptibility and thus they beh
effectively as Co13.5 ions. The second possibility is that th
a
.
in
D

J.
ng
s

he

ed

v,

-
f

e

cobalt ions exist as Co31 and Co41 and in the octahedra
ligands the LS state of these two ions areS50 andS51/2,
respectively. 59Co NMR results suggest that in NaCo2O4
there are two inequivalent Co sites in the ratio 2:1. The te
perature variation of the EFG experienced by site 1 rema
almost independent of temperature, whereas that of si
increases with the decrease of temperature. The isotr
shift has two parts. The large temperature-independent s
has been accounted for by field induced orbital susceptibi
The temperature-dependent isotropic Knight shift of the
two sites behaves differently. The negative sign ofdK/dx
for site 1 may be because of the inner cores electron polar-
ization by thed band electrons indicating thed band conduc-
tion in this system. On the other hand, the positive sign
dK/dx for site 2 could not be accounted for directly for
metallic system such as NaCo2O4. A positive hyperfine cou-
pling constant is generally observed to be either due to tra
ferred hyperfine interaction as found in the case of an in
lator such as Co3O4 or due to strongs-d exchange
interaction and/or temperature-dependent orbital suscept
ity. The former possibility leads to an indication of the exi
tence of an insulating phase as an impurity in the otherw
metallic phase. But it is in contradiction with the x-ray r
sults. A comparison of the magnitude of the hyperfine co
pling constant with those of other cobalt oxides suggests
the nucleus which is being probed by NMR resides within
diamagnetic cobalt site. This result together with the susc
tibility emphasizes the presence of the Co31 ion with S50
and the magnetic Co41 ions. Finally the different contribu-
tions to the linewidth have been calculated. It is mainly go
erned by nuclear-nuclear dipole interaction and contributi
from a fluctuating magnetic field and demagnetization c
rection are of the same order of magnitude. A better und
standing of the conduction mechanism would emerge fr
the study of the dynamic behavior which is being reflected
the relaxation phenomenon.
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