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We probed the local electronic properties of the mixed-valent Co�4�x triangular lattice in NaxCoO2 �
yH2O by 59Co NMR. We observed two distinct types of Co sites for x � 1

2 , but the valence seems
averaged out for x� 1

3 . Local spin fluctuations exhibit qualitatively the same trend down to �100 K
regardless of the carrier concentration x, and hence the nature of the electronic ground state. A
canonical Fermi-liquid behavior emerges below �100 K only for x� 1

3 .
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FIG. 1 (color online). (a) Schematics of the undoped (x � 0)
Co4� triangular lattice with S � 1

2 . When the nearest-neighbor
exchange interaction J tends to align two S � 1

2 spins (#1 and
#2) in an antiparallel configuration, frustration would result for
spin #3. (b) For finite values of x (x � 1

3 in this panel), extra
electrons could help local-singlet formation, and alter spin
correlations dramatically.
There is widespread speculation that the water-
intercalated Na0:3CoO2 � 1:3H2O (Tc � 4:5 K) [1] repre-
sents the first example of the long-sought resonating
valence bond (RVB) [2] superconductor in a carrier-doped
S � 1

2 triangular lattice [3]. The symmetry of the order
parameter appears to be unconventional [4]. The parent
compound of the superconducting Na0:3CoO2 � 1:3H2O is
a mixed-valent NaxCoO2 with sheets of Co4� ions (S �
1
2 ) arranged in a triangular lattice. Na� ions dope addi-
tional electrons with probability x [5]. The electronic and
magnetic phase diagram of NaxCoO2 is quite rich [5–9]
because of the interplay between doped carriers and in-
herently frustrated spins on triangular lattice (see Fig. 1),
and includes commensurate antiferromagnetism (x �
0:82 [8] and 0:5 [9]), spin-density wave (SDW) (x�
0:75 [7]), and Fermi-liquid state (x� 0:31 [6]). Among
the key issues are: Does charge order(s) exist in carrier-
doped Co triangular lattice, as hinted by earlier magnetic
resonance [8–10] and bulk studies [6]? How do Co spin
fluctuations evolve with x? Is the ground state of 1

3 doped
triangular lattice a Fermi-liquid or ferromagnetic [3]? Do
exotic phases (e.g., pseudogap [11] and stripe [12]) exist,
in analogy with high Tc cuprates?

In this Letter, we will shed new light on the anomalous
behavior of the carrier-doped Co triangular lattice in
NaxCoO2 � yH2O based on systematic 59Co NMR mea-
surements. The main thrust of our approach is that we can
separately observe and characterize Co ions in different
valence states. From the NMR line shape (Fig. 2), local
uniform spin susceptibility (as measured by 59Co NMR
Knight shift 59K, Fig. 3), and local spin fluctuations (as
measured by nuclear spin-lattice relaxation rate 1

T1
,

Fig. 4), we establish that two types of mutually coupled
Co ions with different local electronic properties exist in
x � 0:5. Furthermore, we show that low-frequency spin
fluctuations exhibit qualitatively the same trend down to
�100 K for all Na concentrations x, despite their differ-
ent electronic ground states. A canonical Fermi-liquid
04=93(23)=237201(4)$22.50 237201
behavior emerges below 100 K only for x � 0:3, and water
intercalation enhances spin fluctuations near Tc.

59Co nuclei have spin I � 7
2 (nuclear gyromagnetic ratio

�n � 10:053 MHz=T), and seven NMR transitions from
the Iz � m to m� 1 state are expected for each different
type of Co site [13]. We show representative line shapes
observed in the external magnetic field Hext � 8 T in
Fig. 2. All samples are single crystals [14] except for x �
0:72; the latter is a ceramic sample synthesized by the
standard fast-heating method [15], and magnetically
aligned in Stycast 1266. The line shapes for x � 0:75,
0.72, 0.67, and 0.5 clearly establish the presence of at
least two different types of 59Co NMR lines. They
have different central resonance frequencies, e.g.,
��1=2;�1=2 � 82 MHz at A0 sites and �86 MHz at B0 sites
in Na0:72CoO2. In addition, the splitting, �a, between the
central and satellite transitions due to nuclear quadrupole
interaction with the local electric-field gradient (EFG)
[13] is different, e.g., �a � 560 kHz at A0 sites and �a �
650 kHz at B0 sites.
-1  2004 The American Physical Society
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FIG. 3 (color online). The 59Co NMR Knight shifts 59Ka at B,
B0, D, F, G, and H sites. (Note that 59Korb � 2–3% is not
subtracted.) Also plotted are 59Kc measured at A and A0 sites
scaled to match with B and B0 sites (see the main text).
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FIG. 2 (color online). 59Co NMR line shape with Hext � 8 T
applied along a axis. (The line shapes for Na0:72CoO2 and
Na0:3CoO2 � 1:3H2O were obtained with Hext applied within
the ab plane for aligned ceramics and single crystals, respec-
tively. The line shapes for x � 0:75 and 0.72 are corrected for
T2.) The arrows indicate the central transition ��1=2;�1=2 at
various Co sites. For x � 0:75, 0.72, and 0.67, 23Na NMR line
was superposed above �88 MHz. Some of the furthest satellite
transitions are not shown.
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In the absence of hyperfine interactions with Co elec-
trons, the 59Co NMR frequency would be �nHext �
80:4 MHz in Hext � 8 T. It is primarily the hyperfine
magnetic field at each Co site that shifts the central
resonance frequency ��1=2;�1=2, and the former has a
linear relation to the local magnetic susceptibility �i

spin

at the i-th Co site. Generally, one can gain information on
�i

spin through the NMR Knight shift 59K � ���1=2;�1=2 �

�nHext	=�nHext [13] as presented in Fig. 3 [16], where

59K � 59Kspin �
59Korb �

X

i�0�6

Hi�
i
spin �

59Korb: (1)

59Kspin is the spin contribution to the NMR Knight shift,
H0 is the hyperfine interaction between the observed Co
nuclear spin and the Co electron spin at the same site, and
H1�6 represents the hyperfine interaction with electron
spins at six nearest-neighbor Co sites. The orbital contri-
237201
bution is usually temperature independent, and is esti-
mated to be 59Korb � �2 � 3	% below 250 K based on
preliminary K vs � analysis [17].

In Fig. 4, we summarize 1
T1T

, the 59Co nuclear spin-
lattice relaxation rate 1

T1
divided by temperature T. 1

T1T

measures the low-frequency spectral weight of the local
Co spin fluctuations at the experimental frequency �n �
78 � 86 MHz (depending on the particular transition we
employ). Theoretically, the spin contributions to 1

T1T
may

be written using the imaginary part of the Co dynamical
electron-spin-susceptibility �00�q; �n	 as [18],

1

T1T
�

2�2
nkB

g2�2
B

X

q
jA�q	j2

�00�q; �n	

�n
; (2)

where A�q	 � H0 �
P

i�1�6Hieiqri is the wave vector q-
dependent hyperfine form factor [18,19].

It is very important to realize that the spin contribution
to the Knight shift show identical temperature depen-
dence at two different Co sites in Na0:75CoO2 (A and B
sites), as well as in Na0:72CoO2 (A0 and B0 sites), despite
the factor 6 to 8 difference in their magnitude. To under-
score this point, in Fig. 3 we plotted 6:05 � �59Kc�A	 �
1:1%
 and 8:43 � �59Kc�A0	 � 1:65%
 to match with 59Ka
at B and B0 sites, respectively. In Fig. 4, we also demon-
strate that 1

T1T
at B and B0 sites show identical behavior

with that at A and A0 sites, respectively [20]. These results
are not consistent with a simple phase-separation picture,
and imply that the strongly magnetic B and B0 sites are
electronically coupled with the less magnetic A and A0
-2
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FIG. 4 (color online). The temperature dependence of 1
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sites, respectively. Furthermore, the ratio of the inte-
grated NMR intensity between the strongly magnetic (B
and B0 sites) and less magnetic Co sites (A and A0 sites) is
consistent with �1 � x	:x after careful corrections for the
fast transverse relaxation time T2 at the B and B0 site.
These findings strongly suggest that a charge order leads
to two mutually coupled Co sites: A and A0 sites are less
magnetic Co3�-like ions with S� 0, while B and B0 sites
are strongly magnetic Co4�-like ions with S� 1

2 .
In passing, notice that the saturation below �20 K of

59K�A	 and 59K�B	 (both in Fig. 3) and SQUID data (not
shown) in our Na0:75CoO2 is consistent with the SQUID
data reported by Foo et al. [6] for their Na0:75CoO2

sample with accurately calibrated Na content. Our NMR
and SQUID data showed no evidence for a bulk magnetic
phase transition in this Na0:75CoO2 crystal. On the other
hand, an earlier muon spin resonance (�SR) work re-
ported [7] a SDW phase transition below �20 K for
�20% volume fraction of a ceramic ‘‘Na0:75CoO2’’ sam-
ple prepared by fast-heating method [15]. Interestingly,
our Na0:72CoO2 ceramic sample, prepared by the same
fast-heating method, showed a continuous increase of
SQUID data through �20 K following a Curie-Weiss
behavior, and we found a variety of NMR signatures of
a magnetic instability (e.g., a dramatic magnetic NMR
line broadening of B0 line below �30 K, accompanied by
temperature-dependent line splitting of A0 line and Na
NMR line [17]). The Na content of our ceramic sample
was determined to be 0:72 � 0:02 based on the c� axis
lattice constant, which is a monotonous function of Na
content [6]. The complete details will be reported else-
where [17].

In the antiferromagnetic phase Na0:5CoO2 [8], we also
observed two types of Co NMR signals, E sites and F
sites, with the integrated-intensity ratio 0:5:0:5. This is
again consistent with a charge order, but with a geomet-
rical configuration different from Na0:72–0:75CoO2. Based
on the magnitude of 1

T1T
, we may identify the E and F

sites as the weakly and strongly magnetic Co sites, re-
spectively. However, the valence of E and F sites may not
be very different from the nominal averaged value of 3.5,
as the difference in the magnitude of 1

T1T
is at most �3 and

less dramatic than the case of Na0:72–0:75CoO2. We also
found that the 59Co NMR satellite line shape begins to
show additional line splitting below 88 K [17] where
SQUID data exhibit a kink [6,14]. This suggests that
the configuration of charge order changes below 88 K.
We note that a recent structural study at 3.5 K suggests a
zigzag chain structure with two distinct Co sites [21]. A
large distribution in the magnitude of 1

T1T
prevented us

from defining it properly below �88 K.
In metallic Na0:67CoO2, we observed only sharp D and

D0 lines above �30 K, and their NMR properties were
very similar. With decreasing temperature, broad C sites
emerge while the linewidth of the D and D0 sites broadens.

1
T1T

at D sites is similar to that at the weakly magnetic A
237201
sites in Na0:75CoO2. The ratio of the integrated intensity
between C and D , D0 sites is not consistent with 0:33:0:67
nor 0:67:0:33. The Co sites with magnetic moments may
be missing in the Na0:67CoO2 line shape due to their fast
relaxation times.

In contrast with the results for x � 0:5, we have de-
tected essentially only one class of 59Co NMR lines, G
and G0, in metallic Na0:3CoO2 at 4.2 K. �a, 59K, and 1

T1T

were nearly identical at both sites. Thus the valence of all
Co ions in the ground state of x� 1

3 doped Na0:3CoO2

seems averaged out. The special character of the elec-
tronic state at the x� 1

3 doping may be induced by the
geometry, as dynamic singlet formation would be ener-
getically advantageous; see Fig. 1(b). However, we cannot
rule out the possibility that changes in the nature and
extent of Na� vacancy order may be driving the changes
of electronic properties across x � 0:5.

Now we turn our attention to the low-frequency Co
spin dynamics. One of the most interesting findings of
this study is that 1

T1T
shows qualitatively the same de-

crease with temperature down to �100 K at all types of
Co sites in all concentrations, regardless of the nature of
the electronic properties below �100 K and of the behav-
ior of 59K (i.e., the q � 0 behavior of �i

spin). For example:
1

T1T
at A , A0 , and D sites decreases �30% from 250 K to

100 K, where �i
spin shows an increase following a Curie-

Weiss law; in x � 0:3, 1
T1T

decreases �40% in the same
temperature range while �i

spin also decreases. Even more
interesting is the fact that 1

T1T
above 100 K at G sites in

Na0:3CoO2 is roughly the average of 1
T1T

at weakly mag-
netic E sites and strongly magnetic F sites in Na0:5CoO2.
Furthermore, our preliminary results for water-
-3



PRL 93, 237201 (2004) P H Y S I C A L R E V I E W L E T T E R S week ending
3 DECEMBER 2004
intercalated, superconducting single-crystal Na0:3CoO2 �
1:3H2O show identical 1

T1T
to that of Na0:3CoO2 above

�100 K. The identical behavior indicates that the weaker
inter-Co layer coupling along the c axis caused by water
intercalation does not affect the behavior of Co spin
fluctuations above �100 K.

Thus our 1
T1T

results establish qualitatively the same
suppression in the carrier-doped S � 1

2 triangular lattice
with a comparable temperature scale(s) of the order of
�100 K or higher, regardless of the carrier concentration
x and the interlayer coupling. Interestingly, the intralayer
Co-Co exchange interaction is estimated to be J � 140 �
280 K for NaxCoO2 � yH2O by Wang et al. [3]. This re-
minds us that the Cu spin-lattice relaxation rate in the
high-Tc cuprate La2�xSrxCuO4 exhibits a universal value
set entirely by the Cu-Cu exchange interaction J�
1500 K above �500 K [22]. Perhaps J is the single domi-
nant parameter of 1

T1T
in the present case, too.

According to Eq. (2), our 1
T1T

data imply that the q
integral of the low-frequency components of Co spin
fluctuations, weighted with the form factor jA�q	j2, de-
creases with temperature down to �100 K. Since the total
magnetic moment must be conserved, a possible scenario
is that some spectral weight is being shifted to higher
energies, in analogy with the pseudogap behavior in
under-doped high Tc cuprates [11]. Alternatively, the
growth of the short-range order of Co spins below T �
J may result in the pileup of a considerable fraction of the
spectral weight of �00�q; �n	 to a q region where the form
factor jA�q	j2 happens to be small [23].

Surprisingly, despite qualitatively the same trend in
spin dynamics for all concentrations x down to �100 K,
both 1

T1T
and 59K level off below �100 K only for x � 0:3,

i.e., Korringa behavior [13]. This evidences for the emer-
gence of a low-temperature canonical Fermi-liquid be-
havior for x� 1

3 below �100 K, and is consistent with the
emergence of �T2 behavior of resistivity observed only
for x� 1

3 below �30 K [6]. The large low-temperature
specific heat �� 10 mJ=K2 mol implies a substantial
mass enhancement by a factor 4 � 7 [24]. Quite remark-
ably, water intercalation alters the temperature depen-
dence of 1

T1T
for the x� 1

3 doping below and only below
�100 K. Somehow the reduced interlayer coupling be-
tween Co sheets appears to introduce a new temperature
(and/or energy) scale in the low-temperature Fermi-liquid
state in x� 1

3 .
To conclude, we demonstrated the presence of two

types of Co sites in the carrier-doped Co triangular lattice
of NaxCoO2 � yH2O for x � 0:5 by probing the Co layers
directly with 59Co NMR. The temperature dependences
of 59K and 1

T1T
suggest these sites are electronically

coupled to each other. We also showed semiquantitatively
the same trend of spin fluctuations above �100 K for a
variety of carrier concentrations from x � 0:3 to 0.75
with y � 0, and for varying strength of interlayer cou-
237201
pling for a fixed x � 0:3 (i.e., y � 0 and y � 1:3). Our 1
T1T

results suggest the presence of a certain energy scale that
shows little dependence on x and y. We also demonstrated
that a canonical Fermi-liquid behavior emerges at low
temperatures only for x� 1

3 but water intercalation alters
the low-temperature spin dynamics.
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