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5%Co NMR studies have been performed in metallic NgQ,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 gradiéBFG) experienced by one of the two sitéste 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**Co 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 paramagnetisg,§ 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/(\ﬁf) arising from inners core polarization by thel electrons which are itinerant in char-
acter. A positiveﬁxﬂf observed for site 2 cannot be interpreted directly in a metallic system such as®aCo
A comparison of the magnitude @fﬁf 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‘Cdon with S = 0 and the magnetic G ion.
[S0163-18299)01314-4

I. INTRODUCTION oxidation state of the cobalt ion is not known unambiguously
it is generally assumed that they contain equal amount of
The 3d transition metal oxides have attracted renewedCo®* and C4* ions. In the octahdral ligandsd3spins of
attention since the discovery of high-temperature supercorce®” and C4* ions are presumably in the low spin state
ducting (HTSCO) oxides. As a result of it new materials and with S=0 andS=1/2, respectively. Susceptibility measure-
new phenomena are being discovetdduch before the dis- ments show that both of them exhibit Curie Weiss
covery of copper based HTSC's, superconductivity has beebehavior’® Assuming that only Cb" spins contribute to the
found in the transition metal oxide having spinel structureCurie constant in case of KGQ,, the effective magnetic
such as LiTjO, with T,=13.7 K2 Of the known spinels moment was calculated to be about @82 This value is
with trivalent titanium, MgT;O, is one of the most studied smaller than 1.78g which is the spin only value of a free
compounds although its electrical properties are stillatom with S=1/2. However, such calculation was not at-
unclear’ Among the several hundred known oxide spineltempted in case of NaGO,.
compounds, few are known to exhibit a metallic electronic Recent measureméfibf thermoelectric power and resis-
ground state at low temperature. Li%, is one of thenf. tivity of single crystal NaCgO, has unfolded its technologi-
Interestingly, it is founi to exhibit heavy fermion behavior cal importance. Interestingly it exhibits one order of magni-
characteristic of those of the heaviest masslectron tude larger thermoelectric pow€t00 u/K at 300 K) than
systems. In addition to the spinel oxides, superconductivity typical metals and HTSC'’s, while it has a low resistivity
has also been found in the layered perovskites such g$,) (200 u{) cm at 300 K as HTSC's. The large thermo-
SrLRu0,.® This discovery demonstrates that the presence oélectric power accompanied by low, suggests that
copper is not a prerequisite for the existence of supercondutNaCqg,O, is applicable to thermoelectric devices which con-
tivity in a layered perovskite. The basic understanding of thevert heat into electric energy through the thermoelectric
conduction mechanism of the conducting transition metal oxpower of solids. It should also be noted that the results show
ides may be helpful to elucidate the concept of supercondua strong anisotropy between in-plang,Y and out of plane
tivity in HTSC's, which is even now not clear. (pc) resistivity both in magnitude and in the nature of tem-
As a reference of HTSC's, the alkali cobalt oxides perature variationp, shows a crossover from semiconduct-
NaCag0, and KCgO, are being investigated extensively asing to metallic phase around 200 K with the decrease in
they exhibit metallic conductioh® They belong to a bronze- temperature, whereas, shows metallic conduction through
type compound expressed AsBO, (0.5<x=<1)%and have all temperatures.
layered structure where Nar K) (50% occupiegfiand CoQ In order to understand the conduction mechanism of this
are alternately stacked along theaxis. Each Co ion is sur- technologically important two-dimensional oxide an exten-
rounded by slightly distorted oxygen octahedra. Though theive investigation of the electronic structure of the octahe-
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drally coordinated Co ions is needed. NMR being a micro- 15.770kOe
scopic tool will be helpful to investigate the electronic states
locally. In this paper, the results of systemafCo NMR
studies have been reported. The present investigation is cori"
cerned primarily with the studies of the paramagnetic prop-
erties of metallic NaCgD,. New susceptibility §) data have
also been presented. The contributions to the susceptibility
from Van Vleck term andd-band spin paramagnetism are
obtained from susceptibitlty data and are compared by study:
ing the %°Co NMR frequency shift as a function of suscep-
tibility. Lastly, the nature of the oxidation state of the cobalt
ion in this system would be discussed. 40 Oe 175K

220K

Il. EXPERIMENTAL RESULTS

-—

Fresh polycrystalline specimens of Nafy were pre- h
pared in two lots and characterized as mentioned in the work
of Tanakaet al’ Susceptibility data were taken in a super- FIG. 1. Some typical first derivative spectra TCo NMR ab-
conducting quantum interference devi@QUID) magneto-  Sorption lines in NaCgD, at different temperatures, recorded at
meter at 100 Oersted. For NMR measurements powderetf-2 MHz in a field swept mode. The vertical arrows (ndicate
sample were kept in a sealed glass tube filled with pure art_he field posmon_ 15.77 kOe. Since the_posmon of_the referance
gon. Both 59Co and23Na NMR signals were observed, how- (i.e., 16.2 MH3 is far away from the field range it could not be

ever. we shall discuss here onﬂ?Co NMR results. Since shown in the figure. The continuous line represents the fitted pattern

the oxidation state of the cobalt ion is not known unambigu_obtained from the least square fitting of the experimental spectra as

ously, we at present will not assign tA%Co NMR spectra to explained in the text.
any particular type of cobalt ion. Assignment will be made as
a consequence of the behavior of the observed NMR para
eters(Sec. IVB).

tructure appears on both side of the main pair of line shape.
hese structures have been found to be more and more re-

59Co NMR spectra are obtained in the field-sweep mod olved with the further lowering of temperature and, in fact,

using Varian Associates WL210 nuclear induction spectrom-hef sgparatlon betwk:—:‘ en these two structues, the outer h
eter combined with a Varian V7400 electromagnet. First depa'r) increases as the temperature decreases. However, the

rivatives of the absorption lines have been recorded at a fixegﬁaiﬁt'g?a?ert;’veesn ghcet 'nge;tpf%{%maT)S;hﬁ;fmlﬁéhéough
resonating frequencywvg) which lies in the range 14-18 peratures. spectru 9 XNILILS hes

L . features. As the behavior of the spectra is quite complex a
MHz. Investigations are made in the temperature range 350detailed analysis of the line shape is needed to extract the

100 K. Temperature variation is achieved by controlling the erfine interaction parameters at each temperature
temperature of the precooled stream of nitrogen gas, using léyp P P '

Varian V4540 temperature controller. Experiments at differ- . '
ent frequencies have been performed to confirm the absence B. Analysis of NMR line shape

of any trace amount of G@, which may be present as an | 3 system containing magnetic ions, the most general

impurity in the sampl_@. _ . Hamiltoniart! for a nucleus having spih>1/2 in the pres-
As mentioned earlier, the system is metallic; and thus to

avoid the skin depth problem of the rf power, the experimentenCe of a magnetic fieldd, is written as
is performed on a polycrystalline sample with small grain
size. Because of the powdered sample, the line shape of the
quadrupolar nucleus®Co is distributed over a wide range of where H, is the Zeeman termH.. represents the
frequency and this causes a decrease inSt ratio. To  temperature-independent chemical shift interaction including
increase theS/N ratio a Tracor Northern NS570A signal ha contribution from orbital paramagnetispy,, in metals,

analyzer is incorporated. The Knight shéfgts are measureghich is analogous to the Van Vleck paramagnetic suscep-
with respect to the reference positiorg) of **Co resonance tibility, H, is due to magnetic hyperfine interaction, ag

H:HO+Hchem+ HM"‘HQ, (2.1)

in the KsCo(CN)s solution. is the electric quadrupolar interaction. Assuming that the
principal axes of the electric field gradiefFG) tensor and
A. Temperature variation of NMR spectra the magnetic shift tensor are coincident, the resonance

I ) condition® in the case of the central transition may be writ-
Some typical*Co NMR spectra at different temperatures ;o a5

are shown in Fig. 1. At 300 K, the spectrum appears to be a

second order quadrupolar splitted line of the central transi- _ _ _

tion corresponding to a single cobalt site. Moreover, this Y2~ ~ 12~ v[1+Kiso+ Ka(3 cOS 0-1)

spectrum experiences a huge amount of positio® field) ) R

magnetic shift and therefore the position of the reference + K anisoSIN 0 cOS ¢]— Q[A(@COSI‘ 0
(vg) could not be indicated in the figure. Almost similar 0

spectral features are observed down to 250 K. At 220 K, +B(¢)cog 6+ C()], (2.2
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0.025

wheref and ¢ are the polar angles dﬁo with respect to the
principal axes system of EFG or magnetic shift tensgy.
=1yHy/27w, the resonance position of the reference,
vo=vr(1+Kiso), R=v3[1(1+1)—3/4], and Kise=1/3(K;
+ K, + Ky), Ky = 1/6(2K3— K1 —K3), Kaniso= 1/2(K5 2 0020
—Kj). K1, K5, andK; are the principal values of the shift S s
tensor and the principal axes system is chosen in such away .x | ..
that K;<K,<Kj. The termsA(¢), B(¢), and C(¢) are -
related to the asymmetry parametey) (of the EFG tensor. 0.015}
Any contribution fromHemis included withinK{, K,, and 0.000
Ks.

Methods of determining the hyperfine interaction param-
eters have been developed for polycrystalline samples by -0.006
Joneset all* for systems with axial symmetry and by .«
Baugheret al!® to cover cases of complete asymmetry. The
absorption pattern 0f°Co NMR spectrum is

|(V):j P(v') exp[—(v—v")22B%]dv', (2.3
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
where 28 is referred to as the “intrinsic linewidth” and v_2 (MHz?2)
P(v') is the normalized line shape function. If we consider R
that EFG and the magnetic shift tensors are axially symmet-

H A ’ -1 _ H
ric then P(.V )= 1/2|dy. /q COS_0| ’ l$0856$1_ US'.”Q K are shown in(a and (b), respectivelyK,; andK, represent the
Eq. (2.2) with the restriction=0 andKiss=0, an explicit fractional shifts of the two singularities of the line shape function

calculation ofP(»’) shows that the function possesses tWoyith respect tavg, as described in Eq€2.49 and(2.4b. The dotted
singularities and a step a;, v_, andvs, respectively, at jines indicate the intercepts.

different values of cog.2* The step is not usually detectable.

It may be noted that the two singularitie, and »,_ corre-  that found from graphical technique confirms the uniqueness

spond to the low and high field side divergent points of theof this least square fitting method of extracting the hyperfine

line shape which is recorded in the field sweep mode. Thenteraction(HFI) parameters.

fractional shifts of these two singularities with respectto The experimental line shapes below 250 K could be best

are given by fitted with the theoretically generated line shape provided
two inequivalent cobalt nuclei with different HFI's are con-

Ko=HTPR (2.49 sidered. For convenience, we will call tif#€Co sites site 1
H VR o™ Rt 1602(1+Kigo) | ' which contribute to the inner pair and site 2 corresponds to

the outer pair of the line shape. It is known that the area

FIG. 2. The variation oKy, andK_ with respect tovg? at 300

- 2K R 4K?2 under the spectrum is proportional to the number of nuclei.
VR™ VL ax ax o )
KL= =—Kiso— 3 + 9,217 K + R VR From the area under the theoretically generated spectra the
VR VR( iso) ratio of the number of nuclei of site 1 to that of site 2 is

(2.4b calculated to be 2:1. The reality of the existence of these two

a?obalt sites has also been applied to extract the HFI param-
eters for all the spectrum above 250 K by the least square
o : o = R fitting method, though in the case of graphical analysis this
2 1

in Fig. 2. The linear variation oK, vs v implies thatka, 300 k spectrum is treated as an absorption line correspond-
is very small and thus the fourth term in the expressioof 4 15 5 single cobalt site. Since the HFI parameters shows

can be ignored. The infinite frequency extrapolated intery,a; 5t 300 K these two sites are equivalent so the consider-
cepts(Fig. 2) of these two plots provide two equations whose a4ign, of the single site as is assumed in the graphical analysis
solutions give the value df;s, andK, as 1.62 and 0.018%,  4oeg not make any difference. The equivalence of these two
respectively. Using this value &fi,, the quadrupolar inter-  gjies at 300 K agrees well with the room-temperature crys-
action Strengtﬁ;’Q. has been calculated from the slope of 5 15graphic structur@.t is worthwhile to mention that®Na
Ku, Ki vs vg” lines. The average of these two is 1.02 NMR also corresponds to a single species of sodium ion with
+0.06 MHz. well defined quadrupolar interaction parametéfgy. 3 at

The spectral feature varies widely at low temperatures angpg K.
because of the difficulties of taking a sufficient number of
data at different frequencies at a particular temperature, we Ill. TEMPERATURE DEPENDENCE
have to depend only on the least square method of fitting the OF ELECTRIC FIELD GRADIENTS
spectra using explicit equatiori2.2) and (2.3). These theo-
retical spectra are shown by the continuous lines in Fig. 1. The temperature variation of the quadrupolar interaction
The nice agreement of the hyperfine interaction parametergarametervg which is proportional to the product of the
obtained by fitting the experimental spectrum at 300 K withquadrupolar moment of the nucleus under study and the EFG

In order to extract the hyperfine interaction parameters
300 K, K, andK have been plotted agaimzsg2 as shown
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FIG. 3. 2°Na NMR spectrum in NaC®, at 300 K recorded at ®
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experienced by it is shown in Fig. 4. It implies that the EFG

. . - .. FIG. 5. The temperature variation of susceptibilify) (and the
atsite 1is aImOSt. mdependgnt of tgmperature and that at SI}ﬁverse susceptibility x 1) in the temperature range 10-300 K.
2 decreases continuously with the increase of temperature in

the temperature range 350-100 K. . reveals no anamoly in the temperature range 10—360IK.
Since EFG depends sensitively on the charge d|str|but|0t55rder to understand the huge amount of change in the EFG

around the nucleus in question, it reflects the structural aSyund for site 2 in NaCgO,, model calculations using e.g., a
pects of the co_mpound and provides informe}tion about ionTuII potential linearized augmented plane wa@eAPW)
icity and bonding'* Therefore, any change in EFG value .4 structur are needed

should be related to either the structural phase change or the
change in electronic state associated with the bonding. In the
present case, for site 1 the charge distribution around cobalt . CONTRIBUTIOI\S TO THE SUSCEPTIBILITY
nucleus remains unaltered which is the most general case. AND **Co NMR SHIFT
But for site 2, EFG changes 47% as temperature changes A. Magnetic susceptibility
from 350 to 100 K. It can also be mentioned that temperature .
variation of EFG is found in some superconductors such as _F_or a metallic syster_n Sl.JCh as N".’b@’ the total suscep-
YBa,Cu,05, YBa,Cu;O; (Ref. 15 and in systems such as tbility x(T) as shown in Fig. 5 is given by
LaCoO; and NdCoQ which undergo electronic phase _ .
transition'® In YBa,Cu;O,, the change of EFG experienced X(D=xsT Xaia Xvvt Xol(T)- @
by Cu2 site is found to be 0.5% as temperature changes frorg, represents the Pauli paramagnetic component fetac-
270 to 20 K. trons. As some of ths electrons can be thought to be local-

Nevertheless, the form ¢f-T,219y-T (Fig. 5), and EFG- ized on the oxygen atoms and hence would not contribute to
T (Fig. 4 curves exclude the possibility of any structural the electrical and magnetic propertfésdowever, there is no
phase transition of NaG@, at low temperature. The recent knowledge about the nature sfelectrons from sodium ion.
result of heat capacity measurement in the single crystal alsim comparison to the total susceptibility(T) at 300 K
(=800x10"°% emu/molg, the diamagnetic termyg,, to
which the ion cores contribute, is a small correction. The
1.5 a e site term yyy has the origin in the temperature-independent or-
a s gjte? bital paramagnetism in metals which is analogous to the Van
Vleck paramagnetic susceptibility in insulators. In a com-
pound containing cobalt ion this generally has a large
contribution!® These three terms can be grouped together as
1.34 Xo- The temperature-dependent spin paramagnetig(i)

" a arises from the localized character of #helectrons. There-

1.2 s fore, Eq.(4.1) can be expressed as

1.4+

vQ MHz

4 | x(TM)=xo+C/I(T—-0). (4.2

1.1 a
* . Applying Eq. (4.2) to the x-T curve, with the least square
4 fitting method, xo=1.61x 10 * emu/mole, Curie constant
C=0.276 emu K/mole, and paramagnetic Curie temperature
100 150 200 250 300 350 ®=-118.5 K are obtained. It is to be noted ti@atand ©
T(K) values for sodium compound are comparatively higher than
those of potassium compoufidwhereasy, is relatively
FIG. 4. The temperature variation of; experienced by the smaller in case of former.
cobalt nucleus in NaG®, for two species referred as site 1 and Assuming that all the cobalt sites contribute to the Curie
site 2 in the text. constant equally, the effective magnetic momenifeg) is

1.0
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FIG. 6. The temperature variation of the total isotropic shift

(K% of *Co NMR in NaCgO, for sites 1 and 2.

FIG. 7. The variation oK% against susceptibility(T) with

temperature as an implicit parameter in the temperature range 300—

100

K.

calculated to be about 1.25/Co. On the other hand, if we L .
assume that only 6 spins contribute to the Curie constant tion metals or due to transfered hyperfine interaction through

as in KCg0,,® the effective magnetic moment is found to be intervening oxygen iongchem is the Van Vleck term which
around 1.495. This value is little bit smaller than 1.z3  results from an induced orbital magnetic moment. Since the
which is the spin only value of &8 in the low spin state dipolar field ﬁD does not contribute to the isotropic shift it
with spin S=1/2. This may indicate that the electrons aremay be discarded. Thus the isotropic Knight shift’éCo is
partially localized, which is probable because in the oxidegiven by

conductor, the carrier density is lower than in pure metal.

The first possibility corresponds to the case where the cobalt KO K 4K +KA(T
ions behaves effectively as the C ion. In this model the iso~ Koo K Ko(T),

d band corresponding to the cobalt ion remains partially . S .
filled and it is expected to show conductivity. But in the whereK,, is the dominating temperature-independent Van

second case the cobalt ions exist a$Cand C4* and in  Y/€ck contribution,K is the temperature-independent con-
the octahedral crystal field the low sp{hS) state of these tact. hyperfine contribution of the conducnemlectrons and
two ions areS=0 andS=1/2, respectively? In this model Khd s the tgmperatlJEre—c:]epfer;]dent shift dl.Jg to éﬂmplgs of
also electrical conduction is expected arising from the par%ioigﬁ%n?ﬁg Kr);ss.ec?ifle Occ;[nter?beu'luisoﬁogil tﬁ(raesjgcee tﬁ;ﬁﬁor'
tially filled t,, band and due to this partial delocalization P plibility

.21 _ _
character of thel electrons the value qi is less than that x(T) of Eq. (4D Ke=asxs, Kyy=ay,x0, Kq
of the completely localized spin only value 8=1/2 ion,  _ “dXd- Sincexs andy,, are independent of temperature

Thus both of these two models are equally probable to ex‘:’md)‘d depends on temperature as discussed in the previous

plain the conductivity and the susceptibility results. Thesecuon, the total shiffEq. (4.4)] can be written as
d-band conductivity is also quite evident from the tempera-
ture variation of the resistivity datd.Its strong anisotropic
behavior in magnitude and in the dependence as well in-
dicates .that Co® layer is responsible for the conduction \yjth ag=(Nugyhg) 'A%, whereN is Avogadro’s number,
mechanism. wg is the Bohr magneton, andf!; is the total hyperfine cou-
pling constant.

The temperature variation of the isotropic sift} in the
temperature range 350-100 K for both sites are shown in
Fig. 6. The shift for site 1 increases with temperature,
whereas that for site 2 decreases with the increase of tem-
perature. In order to extract the temperature-independent
contributionKy and the hyperfine coupling constdkﬁf, the
S . s . value ofKi“S’f) has been plotted againg{T) as shown in Fig.
vyhere H, is the applied magnetic fleldﬂD is the dipolar 7, taking temperature as an implicit parameter. The values of
field clue to the electronic magnetic moment of all cobaltKO for both sites can be obtained from Fig. 7 wheT)
ions. Hy; is the hyperfine field due to the contact interactionpecomes zero and are listed in Table I. The hyperfine cou-
of the conductiors electrons and-*lﬂf may arise either from pling constan'rAﬁf as calculated from the slop#K/dy of
core polarization interaction by the electrons as in transi- K— y curve by using Eq(4.5) are also given in Table I.

(4.4

Ki%=Ko+K(T) =Ko+ agxq(T) (4.5

B. %°Co NMR Knight shift

The effective magnetic field at the Co nucleus in
NaCq0, may be written as

H=Hq+Hp+H+H%+ Hnem 4.3
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TABLE I. Temperature-independent shift, hyperfine coupling are in spin equilibrium between low spirs€£0) and high
constant, and the observed and calculaté@o NMR linewidth  spin (S=2) states, whereas in CoO, €ois a magnetic ion.

(ov) in the NaCqO, system. Comparison of the coupling constant between these systems
: 5 shows that if the nucleus under question resides within an
Cobalt site Ko At OVobs Oveal ion which itself has an unpaired spin the magnitude of the
%) (0% cm?)  (kHz  (kH2) hyperfine coupling constant is very high. This argument
1 171 7489 11.2 6.21 leads to_the conclusion that the cobalt nucleus which is bging
5 192 15624 116 706 probed in the NaC®, system must belong to a cobalt site

which is in a diamagnetic state. Though the ionicity of cobalt
in NaCq,0O, is not known unambiguously, the above result
1. Temperature dependent Knight shift suggests that some of the cobalt ions are in a diamagnetic
o ) . . state and from susceptibility it is obvious that the rest are the
It is interesting to note that the coupling consté} is  magnetic ions. This result can be incorporated with the sec-
positive for site 2 and negative for site 1. The negative coupnd model as described earlier to explain the conductivity
pling constant may be because of the insemore polariza-  and susceptibility data that it consists of equal number of
tion by thed band electrons as observed in transition metalcg3* and C4™* ions and in the octahedral ligand, ¥oand
intermetallic compound® and metallic oxidé’ containing  cg** jons are in the LS state with sp®=0 andS=1/2,
transition elements. On the other hand, a coupling constanggspectively.
with positive sign observed for site 2 cannot be accounted
for easily in a system having metallic character. It may be
either due to the transferred hyperfine interaction between
the spin of nucleus under question and the electron spin of We shall now discuss the different contribution to the
the magnetic ion via intervening anion as was found in arintrinsic linewidth of the>Co NMR spectrum. This intrinsic
insulating oxide such as GO, (Ref. 19 or due to the strong linewidth obtained from a least square fitting method does
s-d exchange mixing effects and/or a temperature-dependemiot show any temperature dependence. Apart from the field
orbital susceptibility as was found in hexagonal metals suclinhomogeneities arising from the variation of the demagne-
as scandium, yttrium, and lanthanum. tizing field within a given particle and between different par-
If the first possibility is correct, then site 2 must belong toticles, the NMR linewidth is mainly governed by nuclear-
an insulator phase. This then leads to a conclusion thatuclear dipolar interaction and time-dependent electron-
NaCaqO, in the present study is composed of two phasespuclear magnetic interacticf. The calculated value of the
one belongs to the metallic phase and the other, an impuritynewidth (10.8 kH2 from the nuclear-nuclear dipolar con-
phase, is an insulator. This is in contradiction with the x-raytribution in ?Na NMR is very close to the observed line-
diffraction resulté and the fact that bottP°Co and 23Na  width (10 kH2). This is consistent with the fact that tféNa
NMR spectra at 300 K could be well explained on the basidNMR line does not experience any magnetic shift. In the
of single species. On the other hand, the assumption of twoase 0f*°Co NMR the nuclear-nuclear dipole contribution to
inequivalent sites in a single metallic phase compound ishe linewidth~5.08 kHz, the demagnetization correction at
more realistic, wherein two different electronic states around.6.2 MHz is~0.87 kHz, whereas the experimental linewidth
the cobalt nucleus exist. It is worthwhile to emphasize, thafor sites 1 and 2 are 11.2 and 11.6 kHz. These results to-
the out of plane resistivityd.) shows a crossover near 200 gether with the temperature-dependent shift suggest a non-
K from semiconducting to metallic phase with decreasingzero contribution to the linewidth due to the paramagnetic
temperature, whereas the in-plane resistigityshows a pure ion. An estimate for the NMR linewidtidv for a nucleus
metallic behavior through all temperatur@sThus the NMR interacting with a fluctuating magnetic field is given by
results along with the resistivity data demand further study oMoriya® with the result
the electronic state of this interesting quasi-2D layered con-

2. Contributions to the linewidth

ductor.
Table Il shows a list of the magnitude of the coupling N 5
constantAd; of the cobalt nucleus in the different cobalt ox- Sy=2(1/6m)"(An)“S(S+1)/3h we,

ide systems which are insulating in character. Ip@QgQ the
Cc** ion is in a diamagnetic state, in LaCQQCO’™ ions  whereSiis the electron spiny is the nuclear gyromagnetic
ratio, and w., the exchange frequency is defined bﬁ
TABLE Il. Comparison of the coupling constaaf} in different :(2/3)(J/ﬁ)225(5+ 1), whereZ is the number of nearest-
cobalt oxide systems. neighbor magnetic ions to the magnetic*Gdon andJ is the
R b - exchange constant. The value &fhas been estimated as
NaCo0, Co0," LaCoG ™ CoO 54.51x 10”1 erg usingd= — 118.5, Z=6, S=1/2 from the

site 1 site 2 equation=3k#/2S(S+1)Z. Thus the exchange frequency
Al 748 1562 130 375 1076 becomesw,=1.097x 10" sec™!. Using the coupling con-
104 em! stant as in Table I, the full linewidth for sites 1 and 2 are
estimated as 0.254 and 1.109 kHz, respectively, which are
8 rom Ref. 19. smaller than nuclear-nuclear dipole contribution. Table |
PFrom Ref. 25. shows that the total calculated full linewidthdi,) is

‘R. G. ShulmarjPhys. Rev. Lett2, 459 (1959]. smaller than the observed linewidthx,,,J. The discrepancy
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between the two values may be due to an extra broadeningphbalt ions exist as G and C4* and in the octahedral
caused by the skin depth problem of the rf power in thisligands the LS state of these two ions &e0 andS=1/2,

metallic system . respectively. >°Co NMR results suggest that in Nagdy,
_ _ there are two inequivalent Co sites in the ratio 2:1. The tem-
3. Temperature-independent shift perature variation of the EFG experienced by site 1 remains

The temperature-independent skf for sites 1 and 2 are almost independent of temperature, whereas that of site 2
~1.71 and 1.22 %, respective(Jable |). It is worthwhile to  increases with the decrease of temperature. The isotropic
mention that Co NMR in perovskites such as shift has two parts. The large temperature-independent shift
LaCoQ;, PrCoQ, etc., exhibits similar large temperature- has been accounted for by field induced orbital susceptibility.
independent shifts which accounted for Van Vleck The temperature-dependent isotropic Knight shift of these
temperature-independent susceptibitty® In the present two sites behaves differently. The negative signdé®/dy
case, the temperature-independent shifts in principle are tHer site 1 may be because of the inner cerelectron polar-
sum ofK,, andKg as described in Eq4.4). In a metallic ization by thed band electrons indicating thteband conduc-
oxide such as w;%: s electrons do not contribute to the tion in this SyStem. On the other hand, the pOSitive Sign of
electrical and magnetic properties since they are considere®</dx for site 2 could not be accounted for directly for a
to be localized to the oxygen atorfisA similar argument Metallic system such as Nagdy. A positive hyperfine cou-

when applied to NaG®, reveals that eitheK =0 or itis  Pling constant is generally observed to be either due to trans-
negligible in comparison tK,. So, Ko~K The van ferred hyperfine interaction as found in the case of an insu-

Vleck contributionK,, is given by KUU=U2D(r*3>XUU/N lator such as CgD, or due to strongs-d exchange
wherey,,=16Nu2«%A and(r~3) is the average value of interaction and/or temperature-dependent orbital susceptibil-
r~3 over a single 8 orbital, N is the Avogadro numbed is ity. The form_er pos_S|b|I|ty leads to an |nd|(_:at|_0n of the exis-
the crystal field splittingug is the Bohr magneton, and is tence _of an msulatm_g ph_ase as an impurity in the otherwise
the orbital reduction factor which is defined by the matrix Metallic phase. But it is in contradiction with the x-ray re-

element of thez component of the angular momentum be- sqlts. A compari_son of the magnitude of the hyperfine cou-
tweent,, ande, orbitals. pling constant with those of other cobalt oxides suggests that

Using the free ion valuér ~3)=6.7 atomic unit corre- the nucleus which is being probed by NMR resides within a

sponding to C&" ion andK ,, as shown in Table ly,, have diamagnetic cobalt site. This result together with the suscep-
been calculated to be 1142404 emu/gm-ion and 0.812 tibility emphasizes the presence of the*Cdon with S=0

X 104 emu/gm-ion for sites 1 and 2, respectively. The term@nd the magnetic C6 ions. Finally the different contribu-

A/ 2 then for sites 1 and 2 comes out to be 4.5 and 6.3 EVt,ions to the linewidth have been calculated. It is mainly gov-

respectively. These are consistent with the values/af in erned by nuclear-nuclear dipole interaction and contributions

from a fluctuating magnetic field and demagnetization cor-
LaCoQ; (3.8 EV (Ref. 25 and CqO, (4.2 EV (Ref. 26 . X
systems where also €b ions are in oxygen octahedra. rection are of the same _order of ma_gnltude. A better under-
standing of the conduction mechanism would emerge from

the study of the dynamic behavior which is being reflected in
the relaxation phenomenon.

V. CONCLUSION
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