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Based on experimental 3Co-NMR data in the temperature range between 0.1 and 300 K, we address the
problem of the character of the Co 3d-electron based magnetism in Naj,Co0O,. Temperature-dependent
%Co-NMR spectra reveal different Co environments below 300 K and their differentiation increases with
decreasing temperature. We show that the BNa- and °Co-NMR data may consistently be interpreted by
assuming that below room temperature the Co 3d electrons are itinerant. We also argue that the ¥Co-NMR
response is inconsistent with well-defined local magnetic moments on the Co sites. We identify a substantial
orbital contribution ¥°™ to the d-electron susceptibility. At low temperatures x°® seems to acquire some
temperature dependence, suggesting an increasing influence of spin-orbit coupling. The temperature depen-
dence of the spin-lattice relaxation rate TTI (T) confirms significant variations in the dynamics of this electronic
subsystem between 250 and 300 K, as previously suggested. Below 100 K, Naj,CoO, may be viewed as a

weak antiferromagnet with T below 1 K, but this scenario still leaves a number of open questions.

DOLI: 10.1103/PhysRevB.74.064410

I. INTRODUCTION

During the last few years the series of layered transition-
metal oxides Na,CoO, with x<<1 was the subject of intense
research activities, because of the unusual electronic proper-
ties of these compounds. The variation of the Na content x
revealed a rich [T,x] phase diagram for this series.! The
Na-rich region with x>0.5 is characterized by an unusual
metallic state with a Curie-Weiss-type magnetic susceptibil-
ity x and various trends to charge and magnetic instabilities
were reported.>”* In particular, x(7) suggests the presence of
interacting local moments of roughly (1—x) spins 1/2 per
formula unit. This cannot easily be reconciled with the cur-
rent understanding of the electronic structure, however. Cor-
responding calculations predict all the 3d electrons to occupy
itinerant states and a relatively narrow conduction band. A
very different phase is observed for x=0.5, which is charac-
terized by a metal-insulator transition at 50 K (Ref. 5) and
magnetic order below 7,=88 K.>0-% Finally, the Na-poor
phase x<<0.5 exhibits the characteristics of a common metal
with a Pauli-type susceptibility.

The properties of Na,CoO,, with x=0.7 were extensively
investigated before but a clear understanding of its physical
properties is still lacking.®~'® The Co ions are enclosed in
edge sharing O-octahedra which in turn are separated by in-
sulating Na layers.'>? The latter mainly act as a charge res-
ervoir. Depending on x, the Na ions tend to order on particu-
lar sublattices at room temperature and below.?! Considering
existing experimental data, it seems difficult to describe the
transport and the magnetic properties in a self-consistent
manner. In particular, the postulated??->* itinerant 3d-electron
system seems at odds with the claims of previous >*Na-NMR
studies, which reported that between 40 and 250 K the
Na-NMR response can be understood by assuming the
presence of localized 3d moments below room
temperature.’'* This seemed justified from observing that the
Knight shifts (Ref. 25) 2K of the NMR signals from differ-
ent Na sites scale with the magnetic susceptibility x(7). The
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latter exhibits a clear Curie-Weiss-type behavior and, in the
same temperature range, the spin-lattice relaxation rate Tl‘l is
roughly T independent. Confronted with this inconsistency
we decided to revisit the problem with the analysis of an
extensive set of additional experimental data.

We present the results of Co-NMR measurements on
polycrystalline samples of Na,;,CoO, for temperatures be-
low 300 K and in external magnetic fields up to 8 T. In
addition, we include low-temperature 2Na-NMR results in
our discussion. From our data we conclude that above room
temperature the Co sublattice forms an electronically homo-
geneous system. Upon reducing the temperature, we note a
drastic change in the behavior of the spin-lattice relaxation
TI‘I(T) for both **Na (Ref. 9) and *’Co nuclei between
300 to 250 K. Below 250 K we also observe a gradual dif-
ferentiation of the Co site environments. The NMR lines of
two of the distinct Co sites (Col, Co2) are found to be nar-
row and their temperature evolution could be monitored
across the entire temperature range. The appearance of a
third and fourth component in the Co NMR spectra indicates
that at low temperatures the 3d-electron system is inhomo-
geneous and very close to a magnetic instability.

A detailed analysis of the data reveals the dominant role
of the local orbital susceptibility with respect to the
3Co-NMR spectra, contrary to interpretations of similar data
in previous work.!*118 Both the spin and orbital parts of y
play important roles in the spin-lattice relaxation. The most
significant observation is the relation between the Knight
shifts K(T) of the Col and Co2 signals and x(7), which
indicates a substantial temperature-induced variation of the
hyperfine-field coupling. Below 100 K, the system may be
regarded as a weak antiferromagnet with Ty at less than 1 K.
Below 50 K the orbital part of the magnetic susceptibility
acquires some temperature dependence, which suggests an
increasing role of the spin-orbit coupling at low tempera-
tures.

The paper is organized as follows. In Sec. II we briefly
describe the experimental techniques. Experimental data,
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concerning the NMR spectra and spin-lattice relaxation rates,
are presented and discussed in Sec. III. The data analysis of
this section assumes that the 3d electrons are itinerant and
the implications of this assumption, together with some re-
maining open questions, are discussed in Sec. IV.

II. EXPERIMENTAL DETAILS

In our experiments we used standard spin-echo techniques
and a phase-coherent-type pulsed spectrometer. The mea-
surements of the NMR spectra were performed by recording
the integrated NMR signal at a fixed external magnetic field
and varying stepwise the frequency or, at a fixed frequency,
by varying stepwise the external magnetic field. The spin-
lattice relaxation rate 7' was measured by the saturation-
recovery method where first the nuclear magnetization is de-
stroyed by applying a long comb of rf pulses and the spin-
echo signal is recorded after a variable delay. The spin-spin
relaxation rate Tgl was inferred from the spin-echo lifetime,
measured with a rf-pulse sequence of the form 7/2-77 with
a variable delay 7.

The sample used for the present ¥Co-NMR experiments
is the same sample that we used for our previous *’Na-NMR
measurements.” It consists of randomly oriented powder of
Na,;CoO, whose preparation was previously described.’
The powder was characterized by x-ray and neutron powder
diffraction. These experiments confirmed that our material
was of single phase with lattice parameters a=2.826(1) and
c=10.897(4) A, corresponding to a chemical composition of
Na,CoO, with x=0.7+0.04.2°

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS
A. The *Co-NMR spectrum

Three examples of the central parts of the ?Co-NMR
spectra of Naj,Co0,, taken in an external field woH
=4.001 T at three different temperatures are displayed in Fig.
1. For the interpretation of our NMR data it must be consid-
ered that *°Co nuclei (I=7/2) in a noncubic environment are
subject to Zeeman (H) and quadrupolar (H,) interactions.
For H;>H,, which is valid in the present case, the resulting
powder pattern consists of a >>Co central Zeeman transition
(=1/2++1/2) and three pairs of extended wings, which
arise from the first-order quadrupolar perturbation of the
Zeeman transitions =*1/2++3/2, +3/2<+5/2, and
*5/2£7/2.278

The shapes of the presented spectra reveal the compo-
nents of the powder pattern’® due to two inequivalent Co
sites, denoted here as Col and Co2, and a broad signal de-
noted as Co3. It may be seen that the width of the Co3 signal
increases with decreasing temperature. The spectra of Col
and Co2 include the two central >’Co Zeeman transitions and
the signals of the first pairs of the quadrupolar wings
(£1/2+£3/2) W, and W, for Col and Co2, respectively.
The central transitions, to first order unaffected by the qua-
drupolar perturbation, appear very prominently at the centers
of the spectra. To the left and to the right, at equal distances
from the central transitions, are the maxima W; and W, of
the wings. By comparing the NMR intensities, we conclude
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FIG. 1. ¥Co-NMR spectra of Naj 70CoO, measured in the fixed
external magnetic field of 4.001 T at three different temperatures.
Two narrow signals indicate two different Co sites (Col and Co2)
and a broad signal Cos, accounting for a third inequivalent site, is
observed on the high frequency side.

that these sites are approximately equally occupied at low
temperatures. The corresponding quadrupolar frequencies,
vo, and vg,, ie., the frequency difference between the
maxima of the first pairs of wings at W, and at W,, respec-
tively, indicate different electric field gradients eq at Col and
Co2. Most likely these sites are microscopically distributed
within a single phase. If these signals originated in separated
regions of macroscopic size, the equality of their NMR in-
tensities would imply a macroscopic segregation of two dif-
ferent phases with volume fractions of the order of 50%, not
compatible with the above-mentioned results of the structural
characterization of our material using x rays and neutron
scattering techniques. At lower temperatures (see lower part
of Fig. 1) the positions of the central transitions gradually
separate in frequency without an indication for a phase tran-
sition, however. The individual Col and Co2 lines of our
spectra do not split at very low temperatures, i.e., below
50 K. From the temperature evolution of the central lines
and of the corresponding wings it is clear that the entire
spectrum of the Col sites shifts to lower frequencies whereas
the spectrum corresponding to Co2 shifts to higher frequen-
cies. The complete data set provides no evidence for a low-
ering of the point symmetry at the local Co environments
between 50 K and temperatures of the order of 0.1 K. A
spectrum component Co3, observed only at temperatures
near 50 K and below and, as we shall see later, also an ad-
ditional component Co4, seem to behave qualitatively differ-
ent from Col and Co2. Since our data do not allow for an
in-depth analysis of these parts of the spectra, their signifi-
cance will only briefly be considered at the end of the dis-
cussion section.

Observations of different Co sites have previously been
reported for Na,CoO,.!*1%18 In general, the qualitative fea-
tures of the presented **Na- and *Co-NMR spectra for x
~(.7 are rather similar to ours but the denotations are dif-
ferent. For example, the broad signals with large shifts and
small 7, are denoted as Co3 and Co4 in our case, but as Co2
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FIG. 2. Temperature dependences of the quadrupolar frequen-
cies v of the two inequivalent Co sites Col and Co2. The resulting
data were extracted from spectra measured at 4.001 and 6.999 T.
Within experimental uncertainty they cannot be distinguished.

and Co3 in Ref. 16, and as B and B’ in Ref. 18. The narrow
signals, denoted as Col and Co2 in our case, are Cola and
Colb in Ref. 16, and A’ splitting into two lines at low tem-
peratures in Ref. 18. As one may infer from the results of
Ref. 18 the fine details of the spectra are most likely very
sensitive to the chemical composition of the sample material.
As suggested in previous work,!”!® we also conclude that the
broad Co signals arise from the intrinsic Nag;,CoO, phase.

In Fig. 2 we present the temperature evolution of v, for
the Col and Co2 sites. At room temperature vy = Vg,
~1.05 MHz, but below 250 K the difference Avy(T)
=vy,(T)=vp (T) gradually increases with decreasing tem-
perature. Most likely the temperature-induced enhancement
of Av,, reflects both a rearrangement of the Na positions and
a slight charge redistribution in the system of the 3d elec-
trons near the Co ions. The total temperature-induced varia-
tion [ v ,(10 K) =5 ,(300 K)]/ v, ,(300 K) from 10 K up to
room temperature is of the order of 30%, much larger than
the few percent variations found in temperature dependences
of quadrupolar frequencies for most 3d transition metals in
regions far from electronic and structural instabilities. The
ratio vg /vy, decreases from 1 at 300 K to 0.85 at liquid
helium temperatures. In an effort to understand the role of
the Na rearrangements in the observed changes in Avy(7) of
the ¥Co NMR spectra, we compare Avy(T) with 23TEI(T),
the spin-spin relaxation rate of the Na nuclei. Because
B7,1(T) depends on the dipolar coupling between the Na
nuclei, it is very sensitive to changes in the relative positions
of the Na ions. We recall that >*75'(T) is roughly temperature
independent between 40 and 200 K.° From the qualitative
differences between 23751(T) and, e.g., [vgs(10K)
-12(300 K)]/v5,(300 K), it seems unlikely that the ob-
served changes in the quadrupolar frequencies are entirely
due to gradual changes in the Na ion positions. Sizable alter-
ations in the electric field gradients at the nuclei, such as
those observed here may, however, be due to subtle changes
in the 3d electronic wave functions near the Co sites.

In the main frame of Fig. 3 we show the temperature-

PHYSICAL REVIEW B 74, 064410 (2006)

0.022
0.021 O 6.999 T
0.021
Ei
3
« £§§
002013 ;e
§§
uoH = 6.999 T
0.019 oo, 20;
o 0
0 100 200 300

T(K)

FIG. 3. Temperature dependences of the ¥Co Knight shifts PK.
At low temperatures the behavior of the Col and Co2 signals are
clearly different. Inset: K at low temperatures measured in three
different external magnetic fields. Between 40 and 100 K, the two
signals virtually coincide.

induced variation of the Knight shifts K of the %Co central
transitions for Col and Co2. In both cases, K is of the order
of 2% with, on an absolute scale, only minor variations be-
tween 4 and 300 K. The magnitude of K is a few times larger
than the values found in nonmagnetic metals with conduc-
tion bands formed by 3d electrons, such as Sc, Ti, and V.
Between 40 and 120 K the Knight shifts of the two Co sites
coincide and K is, to a good approximation, temperature in-
dependent, similar to what is found for simple nonmagnetic
metals. However, above 120 K and below 40 K, K varies
with temperature. In the inset of Fig. 3 we emphasize the
low-temperature data. We note that both sets of K(7) are
approximately field independent, indicating that the growing
separation of the Col and Co2 resonances is roughly propor-
tional to the external magnetic field and thus not caused by
the onset of static internal fields. For external magnetic fields
between 2.5 and 8 T no evidence for a magnetic phase tran-
sition is indicated by the evolution of the NMR spectra down
to 0.1 K.

Regarding the entire temperature range, the functional de-
pendences of K(7T) for both Co sites are remarkable, because
they cannot be reconciled with the usual features of common
paramagnetic metals, where K(T) simply follows (7). In the
mainframe of Fig. 4 we display the Knight shift K as a func-
tion of the magnetic susceptibility x=M/H of the same
sample, with the magnetization M measured in 5 T. The data
sets for Col and Co2 emphasize the overall nonlinear rela-
tions between K and x in both cases. Nevertheless, in two
restricted temperature regions (7> 120 K and T<<40 K) one
observes AK«Ay, with different proportionality constants,
as emphasized by the differently drawn lines for K(y) in
Fig. 4.

We analyze these regions separately. At high tempera-
tures, the measured sets of x(7) and K(7) data are well rep-
resented by

X(T) = xo+ C/(T~ 6,) (1)

and
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FIG. 4. K(y) for the two sites Col and Co2. The solid and the
broken line are, respectively, the high- and low-temperature linear
fit to the data of the Co2 site. The inset shows the scheme used to
extract x°™ from the solid line of the main figure (see text). Note
the different axes scales of the main and inset figure.

K=Ky+Ay. (2)

From earlier ~work” we recall that y,=1.25
X 10™* (emu/mol), a rather large and positive value, C
=0.153 (emu K/mol) and 6,=-103 K. Values of K,=Kj "
and A=AHT obtained from fits to the K()) data at high tem-
peratures (HT) are given in Table 1. The low-temperature
features of x(7) deviate significantly from those captured in
Eq. (1) but K(T) may still be represented by Eq. (2), with
distinctly different parameters K,=K;' and A=A"T, which
are listed in Table II. In spite of the Curie-Weiss-type feature
in x(7T) we assume that the Co ions carry no well-defined
local moment and that in a tight-binding approximation, the
3d electrons may be regarded as itinerant with a rather nar-
row conduction band.?>?* Further we postulate the usual

decompositions?$-30
X = XD+ (3)
and
K =K"(T) + K°® (4)
with
K*P™(T) = (upNa) ™ Hytx*P"(T) &)
and
Ko = (upN ) H X (6)

Here the superscripts “spin” and “orb” denote the spin
and the orbital contribution to y of the 3d electrons, respec-
tively. The diamagnetic part of the susceptibility x4 is due
to the fully occupied atomic orbitals and is temperature in-
dependent. The shift K" is due to core polarization “cp,”
and the dipolar interaction of the orbital currents with the Co
nuclei is responsible for K°®. The total susceptibility y is
given in units of emu/mol, up is the Bohr magneton, N, is
Avogadro’s number and Hy; is the hyperfine coupling given
in units of Oe per Bohr magneton of formula unit magneti-

PHYSICAL REVIEW B 74, 064410 (2006)

zation (here simply denoted as Oe). In Eq. (5) we considered
the fact that for d electrons, the contact term vanishes and
that, as is common for transition metals, the dipolar contri-
bution of the electron spins is negligible.

If x° is temperature independent, a linear K(x) relation
is obtained and, at high temperatures (HT), K=A"Ty+Kj"
with, following Egs. (3)—(6),

AT = (IU'BNA)_IHE? (7)
and
KOHT — (MBNA)_I[Hﬁ;onrb _ H}Cl}f)(Xorb + Xdia)]. (8)

This situation is judged to be rather common since in 3d
metals, where the diagonal matrix elements of the angular
momentum operator vanish, x°® is the analogue of the Van
Vleck paramagnetism of free ions or ions in insulating
crystals. 230

Near electronic instabilities, K(y) is often observed to de-
viate from a linear K(x) behavior, signaling that a portion or
all of x°® acquires a temperature dependence.?® Even in this
case Egs. (3)-(6) allow K to vary linearly with y if x°(7)
o x*PI(T). The resulting slope of K(y) yields an effective
hyperfine coupling, but the individual spin and orbital com-
ponents of y are difficult to disentangle.

With the assumption that x°™ is indeed temperature inde-
pendent, values of Hy} for Col and Co2 are obtained directly
from the slopes of the lines fitting K(y) with

AK = [Hf/(Nypp)JAx. )

For H{?/(10* Oe) we find —4.2 and +0.3 at the Co2 site at
high and low temperatures, respectively. The analogous val-
ues for the Col site are —4.1 and —0.15, respectively. In
comparison with common transition metals and alloys these
values are rather modest and confirm that the nuclei at the
Col and Co2 sites experience rather weak hyperfine cou-
plings to the 3d-electron spins.3’33

Next we attempt an estimate of HO by using

HY =2up(1/7%) = 12.5 X 10%(ag/r)®) (Oe).  (10)

32,33

A detailed knowledge of the 3d electronic wave function is
required to evaluate ((ay/r)?), which is not available at
present. Fortunately it is found that {(a,/r)?) does not vary
much for a given transition-metal element in a variety of
different environments. With ((ay/r)3)=6.70 and 7.42 for
Co* and Co** ! respectively, we find H"/(10* Oe)=83.8
and 92.9 for Co®* and Co**, respectively. Thus, regardless of
the exact electronic configuration of the Co ions, H'P(Co) is
expected to be an order of magnitude larger than H{?. A
reasonable estimate of the average orbital hyperfine field
H®(Co)=0.7HP(Co**) +0.3HP(Co**) may be justified by
the content of monovalent Na ions in this compound. We
thus obtain Hy’(Co)/(10* Oe)=86.5.

For an estimate of % we use the tabulated Pascal con-
stants P in units of 107® emu/mol f.u* From 0.7Py,+
=-3.5 for Na, 2Py-2=-24 for O, and (0.7P¢y3++0.3P¢ya+)
=-9.3 for Co, we calculate %#=-0.37 X 10~* emu/mol f.u.

With the estimated values of H{® and x% we can now
obtain x°® and K°® via a graphical method*®?° outlined
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TABLE 1. Hyperfine parameters for Col and Co2 at high temperatures (HT). Here K= KgT+AHTx, Hﬁ}b

and H{P are in units of 10* Oe and xy— xgix=1.62 X 107 emu/mol.

Ky X 100 AHT HpP H} Xoro/ (Xo— Xdia) Ko/ Ky "
Col HT 2.49 -7.3 86.5 -4.1 0.96 0.97
Co2 HT 2.46 -7.3 86.5 —-4.1 0.95 0.97

in the inset of Fig. 4. In the K(x) diagram we start at
(x=x"",K=0) and draw a line with the slope b
=(ugN,)~'HY® (see Fig. 4). The intersection B of this line
with K(x)=K; +AHTy from experiment and setting x*P"
=0 fixes y=x""+ % and the values of x°® and K°® may be
extracted. At high temperatures, we obtain x°®=~1.55
% 107 emu/mol and K°®=0.024 for Co2. As may be seen in
Table I, similar values are obtained for Col. It turns out that
X° is close to xo—Xaia=1.62 X 10~ emu/mol and therefore,
the rather large T-independent susceptibility x, at high tem-
peratures is mainly due to the orbital motion of the electrons.
As presumed the Curie-Weiss-type component is thus re-
flecting the spin part of x(7).

In the following we consider the low temperature region
(LT), i.e., T<40 K. Here, the analysis is less straightforward
because x(7) deviates substantially from the Curie-Weiss be-
havior, observed at high temperatures. Even under the as-
sumption that Eq. (1) still would offer a formal description of
X(T), each of the parameters y,, C, and 6, would certainly be
different from the values quoted above.

Quite unusual is the positive sign of dK/dy=AT ob-
served for Co2 at LT. We recall that H}} is almost inevitably
negative, since the 1s and 2s electrons with their spins par-
allel to those in the tight-binding 3d states are attracted into
the 3d region (outwards). This leaves a surplus of antiparallel
spins at the nuclear site.> Therefore, the positive sign of
dK/dx clearly shows that the hyperfine coupling associated
with the T-dependent part of y cannot entirely be due to the
core polarization. We interpret our K(x) data as prima facie
evidence for an anomalous effective hyperfine coupling, de-
noted here as H?;f, which is not simply due to a core polar-
ization and, in addition, is temperature independent.

As we shall discuss below, also the TT](T) data are incon-
sistent with the scenario that the entire temperature variation
of x is due to x*P". We therefore consider the option that, in
this temperature regime, x° acquires some temperature de-
pendence and Hj reflects the combined effect of Hpj® and
H;?. Because K shows only a weak temperature variation and
no anomalies in Tl_l(T) are observed below 250 K, the fol-
lowing analysis of K(x) is done as before, but based on the
assumptions (i) HYf® and H? are the same at high and low
temperatures and (ii) at low temperatures only part of x°

acquires a temperature dependence, such that

X =xo" + X1 (D). (11)

At first sight this decomposition may not seem natural. How-
ever, while all the occupied 3d-electron states, near and far
from the Fermi level, contribute to x°™,3 possible scenarios
that are consistent with our observations of changes of the
slopes of the linear K(y) relations, require variations of the
occupied states at or very near the Fermi surface. Only the
contributions of such states to x° would acquire a T depen-
dence but we specify that not the entire Fermi surface needs
to be involved.

For consistency, the temperature-independent term X‘l’rb
must be small, and the desired K(y) linear relation requests
that the ratio f= )(‘frb(T)/ XP"(T) must be temperature inde-
pendent. In our particular case, one can write

x=xo+x'(T) (12)
dia 0!

with xo=(x""+ xo™®) as temperature independent and x'(7)
:[X‘l’rb(T)+ X°P™(T)]. Equations (1)—(6) adapted to our case,
yield the relation

K=K+ (usNy) " Hity (13)

with
Hi = (fHy + HD/(F+ 1) = fHE + HE - (14)

and
K" = (uaN) T THY XS = Hig Q™ + X1, (15)

Since HY>|H®|> |H!|, f<1. Note that for f=0, Eqgs. (7)
and (8) that were used at high temperatures, are recovered.
By applying the same graphical method as before we ob-
tained the results that are collected in Table II. Comparing
the different parameters we note (i) an order of magnitude
reduction of the hyperfine coupling H? to H of the
T-dependent susceptibility for both Co sites between high
and low temperatures, (i) Hf} is different in sign for the two
Co sites (iii) a reduction of the low-temperature orbital sus-
ceptibility of roughly 20% with respect to the high tempera-
ture value, and (iv) the orbital parts of the susceptibility

TABLE II. Hyperfine parameters for Col and Co2 at low temperatures (LT). Here K =K{)‘T+ALT)(, Hféf
=(fH®+HP) is in units of 10* Oe and yo— xaia=1.62 X 10~* emu/mol.

KET 100 ALT HeT f Xoro! (X0 Xaia) Kor/ KG "
Col LT 1.98 0.8 ~0.15 0.051 0.79 1.00
Co2 LT 1.90 +0.54 +03 0.046 0.76 1.00
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dominate K{,' and K{'. The different signs of H| are due to
small but decisive variations of the orbital component of .

The present analysis, based on some simplifying assump-
tions, suggests temperature induced changes in the 3d elec-
tron wave functions at low temperatures. In this scenario, a
fraction of x° adopts a substantial temperature dependence,
as if part of the electrons would experience a rather strong
spin-orbit coupling. The core polarization remains un-
changed, but its effect on K is balanced to a high degree by
modest 7-induced changes in the orbital part. All this sug-
gests that the amplitudes of 3d-electron wave functions vary
in regions far from the Co sites, but not much near them.

Because of the nontrivial discussion of K(x) for Col and
Co2 we suspect that the analysis of the signals Co3 and Co4
is even more complex and may not be practical. The same
procedure that we employed for estimating x°® from K(x)
(see inset of Fig. 4) is, for obvious reasons, not feasible for
the signals Co3 and Co4. From our discussion above, it fol-
lows that the rather large average shifts or broad widths of
Co3 and Co4 cannot simply be taken as a direct evidence for
a “more magnetic” character of these sites, as would be the
case if a single hyperfine mechanism, H;?", dominates. Most
previous workers have assumed this to be the case,'*!%18 but
this interpretation implies a wrong sign for the spin part of
the hyperfine field, i.e., a positive core polarization. By far
not enough is known about these sites to allow for a reliable
comparison of their magnetic properties with those of Col
and Co2. Nevertheless, the results of our analysis outlined
above suggest that it is plausible that local changes in the
orbital part, rather than large changes in the spin part of the
susceptibility are the main source of the observed differences
in the NMR spectra of all the Co sites. In view of the char-
acter of the conduction electron band the transferred contri-
bution to Hy; for Co nuclei is expected to be rather small and
may therefore be neglected.

Finally we briefly compare the results of *>Co-NMR with
those obtained with the “*Na-NMR experiments. We recall
that above 40 K only a single line is observed in the
Na-NMR spectra. It corresponds to the unresolved signals
of the central transitions of several, inequivalent Na sites.?
Between 40 and 250 K, the line shift >k, representing the
average isotropic signal shift at different Na sites, varies lin-
early with y (see, for instance, Thara e al.'5). From **K(T)
(unpublished results) we obtain an effective coupling of
»H,.=(0.83+0.04) X 10* Oe, within the error bars of the
values reported by Ilhara and co-workers and also by
Mukhamedshin et al.'>!7 This is roughly a factor of 5
smaller than H{? and of the order of 1% of H{}® of **Co. At
low temperatures the different Na sites are resolved in the
spectra and are found to be exposed to different but also
small hyperfine fields.’® Here we simply note that (i) the
hyperfine fields are consistently smaller than those at the Co
sites and (ii) at all temperatures the T-independent Knight
shifts for »*Na are much smaller than for *°Co.

B. The spin-lattice relaxation rate 77" of **Co

In Fig. 6 we display the temperature dependence of the
spin-lattice relaxation rate 77!, measured in magnetic fields
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FIG. 5. Two examples of the nuclear magnetization recovery
m(t) data used to extract 59Tl. The data was measured at the >°Co
central transitions, Col and Co2, in an external magnetic field of
7.000 T. The solid lines represent the best fits to the data using Eq.
(16).

of 4.553 and 7.045 T. The values of 7;' were extracted from
fits to the nuclear magnetization recovery curves m(t) of the
%Co central Zeeman transition after the application of a long
comb of rf pulses. In our case the appropriate fitting function
for m(t), assuming only magnetic relaxation, has a
t-dependence of the form?7-3

m(t) — 28t —15¢
1 —-——=D| 041 exp T +0.22 exp T

Moo 1 1

- 6¢ —t
0.18 — ] +0.19 — . 16
+ exp( T, ) + exp( T, )] (16)

The factor D on the right-hand-side (rhs) of this equation, an
additional free parameter, is an overall scaling factor to ac-
count for possible nonideal initial destruction of the nuclear
magnetization. From our fits the values of D are of the order
of 1+£0.07. Two examples of nuclear magnetization recovery
data and the corresponding best fits, using Eq. (16) and thus
invoking two free parameters as discussed above, are dis-
played in Fig. 5.

At temperatures of the order of 10 K, at which the signals
from Col or Co2 could be irradiated individually, the pos-
sible difference in 77" for the two sites was estimated to be
of the order of 30% or less. Given the technical difficulties
for a rigorous separation of the individual contributions
across the entire temperature range, we neglect this differ-
ence in our analysis. The same observation applies for the
»Na-NMR data, which again we describe by a single T'(T).

The features of 59CoTl_l(T) are clearly not those of a
simple metal. Particularly prominent is the anomalous in-
crease of TII(T) with increasing T at T>200 K. A similar
anomalous increase of 59Tl‘l(T) seems to be indicated by the
data of Ning and co-workers'® above 200 K. An even more
drastic increase was observed in TII(T) of the »Na-NMR in
the same temperature regime® and was associated with some
kind of charge instability. Data with similar features above
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FIG. 6. Temperature dependence of the spin-lattice relaxation
rate 597}' measured in two different external magnetic fields and
temperatures between 1.5 and 300 K. Lower inset: Details of
59TTI(T) at low temperatures. Upper inset: comparison of the
59TTI(T) and 2 YTI(T) data. The solid and dotted lines represent fits
to the data (see text).

200 K were also reported by Carreta and co-workers'4 and
were interpreted as evidence for a mesoscopic phase separa-
tion in metallic and magnetic domains. In any case, the ob-
served behavior of TI'I(T) seems to be associated with the
development of inhomogeneities of the Co environments be-
low room temperature. In spite of the order of magnitude
variations, the phenomenon is not really understood and the
data is difficult to analyze.

In the following we concentrate on the analysis of the
¥Co spin-lattice relaxation data below 200 K. These data are
reasonably well represented by

1_ [
T, =1.6T+15.1\T, (17)

which is illustrated by the solid lines in the main frame and
the inset of Fig. 6. The first and second term are interpreted
as to represent the orbital and the exchange-enhanced spin
contribution, respectively.*’ In the same spirit of approxima-
tion as in Sec. III A we write

(T— )tot (T— )orb+ (T— )spln (18)

where (77')° varies linearly with 7 and (7;')®™" represents
the exchange-enhanced spin relaxation rate commonly found
in nearly antiferromagnetic AF materials at 7>Ty.*’ For
such materials the staggered susceptibility x(T)=Cy/(T
—Ty) follows a Curie-Weiss-type behavior’® and

(T— )spm o (T_ )spm ’XQ(T) o T/\'(T TN) (19)

Here (T )”meCT is the spin contribution to the relaxation
rate in the absence of spin fluctuations. Our data, below
200 K and down to 1.5 K (the lowest temperature of these
measurements) is well represented by assuming Ty to be less
than 1 K. The low temperature data are emphasized in the
lower inset of Fig. 6 and in the upper inset of the same figure
we also display 77'(T) for *Na and we compare it with the
data of *°Co. Consistent with the very weak hyperfine inter-
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actions at the Na sites, the 2%TP (T) data below 100 K may
be represented by a single term of the form 23T =1.25\T.
The order of magnitude smaller prefactor, relatlve to the Co
case, roughly reflects the squared ratio of the corresponding
hyperfine couplings. The HT value of the transferred hyper-
fine field at the Na sites is of the order of 0.8 X 10* Oe (see
the end of Sec. III A). The absence of a linear-in-7 term
indicates that the hyperfine field from the orbital part of the
3d electrons is particularly small at the Na sites, as expected
for insulating Na planes.

From the first term on the rhs of Eq. (17) we may calcu-
late the electronic density of d states at the Fermi level. The
orbital contribution to the relaxation rate, appropriate for the
local cubic environment of the Co sites, is given by3233

(T7)°" = 2D" (WHy N, (N,, +4N,)T.  (20)

The parameter D' =(4mkgh) and the local densities of elec-
tronic states at the Fermi level (per Co atom and per spin
direction) Ny, and N, are related to electronic states with 7,
and e, symmetry, respectlvely The nuclear gyromagnetic
ratio 7y is that of the Co nuclei. Previously published theo-
retical work claims that N, =0 for Na,C00,.2>* With
(TTO)'=1.6(K's™),  Hy=86.6X10*0Oe, and 7y
=6317 rad/s, we obtain N, —1 2X 10" (states/erg) per Co
ion, a typical value for hght d-transition metals. In the free
electron approximation, this corresponds to an electronic
specific heat parameter y~ 1 mJ mol~! K=2.

We emphasize that the above analysis is simplified by the
fact that here, the g dependence of the hyperfine fields,
which is usually difficult to estimate, plays no role since only
on-site electron-nucleus interactions are relevant. The trans-
ferred hyperfine fields from neighboring Co sites are ex-
pected to be much smaller because of the predominant d
character of the conduction-electron states (wave functions).
Although we interpret our relaxation data differently, they
are consistent with reported data from samples with the same
stoichiometry. In particular our data set for 59T1(T) coincides,
within the error bars, with that reported in Ref. 18, and our
3T,(T) compares very well, at least between 40 and 250 K,
with that of Thara et al.'> One should keep in mind, however,
that the experimental results may be very sensitive to the
exact chemical composition of the investigated samples. For
instance, our 237','] (T) and 59T,'] (T) data are considerably dif-
ferent from those for Nag;5C00,, reported by Carreta and
co-workers.'4

Clearly, the temperature dependence of the spin-lattice re-
laxation chosen in Eq. (17) may not be unique. We simply
aimed at a reasonable description of a complex system, cap-
turing the essential features, however. The presence of ferro-
magnetic and antiferromagnetic correlations among the mag-
netic moments due to tightly bound but still itinerant Co 3d
electrons and the very anisotropic electronic transport, with a
high conductivity in the CoO, planes (where the correlations
are of ferromagnetic type), add to the complexity. However,
this may not be relevant because magnetically, the 3d mo-
ments are three-dimensionally coupled and, as indicated by
x(T), the antiferromagnetic interactions dominate.’
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In closing this section we repeat that in previous
work, #1518 various scenarios to explain the puzzling NMR
response of Naj-;CoO, were discussed. We offer interpreta-
tions of the NMR spectra, that deviate from those previously
published views and likewise our interpretation of the spin-
lattice relaxation data is also different from those in earlier
reports. While previous interpretations neglected, or played
down, the role of the orbital part of the susceptibility x°™ in
the spin-lattice relaxation, we believe that x°™ plays an es-
sential role and hence a possible Korringa-type analysis of
the spin-lattice relaxation and the Knight shift is excluded.
The importance of x°? is also manifested in the occurrence
of small but distinct temperature-induced changes in the
NMR spectra, i.e., anomalous shifts of the Col and Co2
lines, with no counterpart in the corresponding spin-lattice
relaxation. This puzzling observation is naturally explained
in our scenario because at temperatures of the order of
40 to 100 K only a small part of x°®, acquires some tem-
perature dependence and x*P'" does not change at all. Since in
this temperature range the orbital and spin contributions for
TTl adopt roughly the same values, only minor changes are
expected in the relaxation rate. On the other hand the NMR
spectra are dominated by x°™ and reflect the quoted partial
change of this contribution.

Again contrary to most of the previous work, we avoid to
attribute a strictly two-dimensional character to the
3d-electron moment fluctuations. We do not find an a priori
inconsistency between the existence of ferromagnetic corre-
lations in the CoO planes and Moriya’s theory of weak
antiferromagnets.*’ Given the complex physical properties
exhibited by compounds of the Na,CoO, series, some guid-
ance by improved theoretical approaches seem to be needed.

IV. DISCUSSION

In an earlier presentation’ we concluded that the then
available y and NMR data were compatible with local-
moment formation on part of the Co ions with a Co** con-
figuration. However, the results of several calculations of the
electronic structure of Naj,Co0, (Refs. 22-24) do not con-
firm this claim. Indeed, as discussed above, our set of ¥Co
NMR data may be reconciled with the assumption of a set of
itinerant 3d electrons and, as we shall see below, it is in
conflict with the hypothesis of localized moments.

Below 100 K, Nag;Co0O, displays features of weak anti-
ferromagnetic metals with Ty at less than 1 K. Nevertheless
some of the properties are unusual. For instance, the *°Co
NMR response indicates that the CoO, planes are electroni-
cally rather homogeneous above room temperature. Upon re-
ducing the temperature to below 250 K, the electronic homo-
geneity of these planes is lost and at least four different Co
environments were identified at low temperatures. As dis-
cussed before, it seems unlikely that changes in the Na-ion
positions alone can account for this result. Also rather un-
usual are the observed variations of the hyperfine fields at the
Col and Co2 sites. All of this suggests a temperature-
induced modification of the 3d-electron system. The increas-
ing width of the Co3 signal with decreasing temperature sug-
gests that as T approaches 0 K, Naj;CoO, tends to a
magnetic instability.
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FIG. 7. ®Na- and ¥Co-NMR spectra measured at a fixed fre-
quency of 76.640 MHz and at a temperature of 1 K for three dif-
ferent pulse delays 7. Note the substantial signal near the central
part of the spectrum for 7=60 us. The broken line indicates the
estimated contribution of this featureless signal (Co4), assumed to
be of a Gaussian shape. The center, the amplitude and the width of
this Gaussian have been adjusted so that upon its subtraction the
resulting signals for the quadrupolar wings from the Na and Col
and Co2 sites (dotted lines) are approximately symmetric.

The latter trend is best illustrated by the >’Co-NMR spec-
tra at temperatures of the order of 1 K and below. In Fig. 7
three Co-NMR spectra recorded at fixed frequency and
with three different time delays 7 between the rf pulses of the
spin-echo sequence are displayed. Signals with fast spin-spin
relaxation can be observed for short, but not for long 7’s. For
a short 7=60 wus, the signal Co4, due to yet another Co en-
vironment, is observed. This signal emerges only at very low
temperatures and its intensity is distributed over a very broad
range of resonant fields. The related spin-spin relaxation is
much faster than those of Col and Co2. This reveals that
with decreasing T, the dynamics of the 3d electrons residing
near the sites Co4, is slowing down dramatically and inho-
mogeneously, and supports the view that Nay,CoO, ap-
proaches a magnetic instability at 7 below 1 K, as mentioned
above.

Considering our approach of postulating the d electrons as
itinerant, the origin of the Curie-Weiss behavior of x(7)
should be clarified. A Curie-Weiss type x(7T) below 300 K
and due to conduction electrons requires occupied electronic
states in a narrow band with a width that is equivalent to a
few hundred Kelvin. If we attempt a corresponding fit to our
x(T) data, the required density of electronic states D(Ey) is
by far larger than D(E) resulting from our analysis of the
TI'I(T) data presented above. Because the effective magnetic
moment p.g at high temperatures is very close to the value
expected from a concentration of (1—x) localized, spins 1/2
in Na,CoO,, it is tempting to ascribe x(7) to localized Co
moments, as done before.” However, if one assumes such a
concentration of uncompensated electronic spins to be local-
ized or nearly localized, theoretical considerations claim that
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then the material would be an insulator,?? contrary to experi-
mental observations.

Next we argue that the conjecture of local moments em-
bedded in an ordinary metallic matrix leading to the Curie-
Weiss-type susceptibility y(7) is not consistent with our ex-
perimental results. Assume a concentration of (1—x) spins
1/2 to be completely localized below 250 K. Hence the tem-
perature dependence of y arises from the corresponding lo-
calized moments and x°® and y*" due to the conduction
electrons is expected to be only weakly temperature depen-
dent. This, however, is difficult to reconcile with the pre-
sented >’Co-NMR data because under these circumstances it
seems impossible to account for the observed temperature-
induced changes in the hyperfine fields. The scenario of pos-
tulating local moments is also confronted with the experi-
mental observation that x(7) not only indicates changes in
their mutual interaction but also a substantial reduction of the
effective moment at low temperatures. Whether these varia-
tions would influence the magnetic response of the conduc-
tion electrons such that also the hyperfine coupling issues
can be explained consistently requires additional theoretical
insights that are beyond the scope of this work. The same
view, namely that assuming a distribution of Co** and Co**
ions does not apply for Nay;CoO,, was expressed in an ear-
lier presentation'® but was based on different arguments.

Some of the physical properties of Na,CoO, seem to be
rather sensitive to the Na content. For instance, most reports
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of the *?Co-NMR spectra do not reveal an anomalous behav-
ior of YK(T) below 100 K, with the possible exception of
Fig. 3 of Ning and co-workers.'® While we clearly detected
the broad Co4 signal only at low temperatures, other workers
reported some very broad ¥Co lines up to temperatures
above 50 K.!®!13 At present we have no convincing explana-
tion for this disagreement, but in part may simply be due to
differences in the parameters of the detection system.

In conclusion we have shown that our NMR data, to a
large extent, can be understood by assuming that the Co 3d
electrons are itinerant and that Na, ;CoO, is close to a mag-
netic instability at very low temperatures. Unfortunately we
have no convincing arguments to explain the experimentally
observed temperature dependence of the magnetic suscepti-
bility x(7). This and the obvious inhomogeneities of the
electronic subsystem, growing with decreasing temperature,
are two important issues that remain to be clarified.
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