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Anomalous In-Plane Electronic Scattering in Charge Ordered Na, 4;C00O, - 0.6H,0
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We report electronic transport measurements on high quality floating zone grown Na,CoO, and
Nag 4;Co0, - 0.6H,O0 single crystals. We find an in-plane electronic scattering minimum near 11 K and
a clear charge ordering at approximately 50 K. The electronic and magnetic properties in hydrated and
nonhydrated Nag 4; CoO, samples are similar at higher temperature, but evolve in markedly different ways
below ~50 K, where a strong ferromagnetic tendency is observed in the hydrated sample. Model
calculations show the relationship of this tendency to the structure of the Fermi surface. The results,
particularly the clear differences between the hydrated and nonhydrated material show a substantially
enhanced ferromagnetic tendency upon hydration. Implications for superconductivity are discussed.
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The interplay of superconductivity and magnetism is
particularly interesting in Na,CoO, - yH,O. Except for
x ~ 0.5, the material is metallic and in close proximity to
magnetism, while at x ~ 1/3 and with hydration y ~ 4/3 it
is a superconductor with 7, ~ 5 K [1]. There are indica-
tions both from theory and experiment that this supercon-
ductivity could be triplet in nature, [2-5] although singlet
states were also discussed [6]. T, = 5 K is remarkable for
a triplet (cf. Sr,RuO, with 7. < 2 K) [7]. The question of
the superconducting nature and magnetic behavior are
intimately connected. However, while there has been sub-
stantial work on the magnetism in nonhydrated material for
x > 0.5, the magnetic behavior for x < 0.5 is apparently
different and more subtle, and study of the hydrated com-
pounds has been impeded by sample quality issues.

Besides superconductivity, the observed states include
magnetic ordering and charge ordering (CO). Interestingly,
while Na,CoQ, is a correlated oxide, spectroscopies show
renormalizations distinct from those expected near a Mott
transition, [8] qualitatively like the Fe-based superconduc-
tors [9]. For Na,CoO, - yH,O, the question of the symme-
try of the superconducting state is intimately connected to
the nature of the magnetic fluctuations. Near x = (.5 non-
hydrated Na,CoO, shows CO and antiferromagnetism
(AFM) [10]. This appears to be intimately connected
with Na ordering. For higher x the material shows Curie-
Weiss behavior [11-13], and there is a magnetic ordering at
low T [14-16]. This ordering, while AFM between the
planes, is ferromagnetic (FM) in plane. The magnetic
behavior for x < 0.5 is more subtle, with Pauli paramag-
netism. For superconductivity, FM spin fluctuations are
repulsive in singlet channels (s, d) and attractive for triplet
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superconductivity (p, f) [17,18]. Therefore, in a near two
dimensional (2D) material, nearness to in-plane FM im-
plies triplet superconductivity, while antiferromagnetism
can be pairing in either triplet or singlet channels, or not
pairing at all, depending on the momentum dependence in
relation to the Fermi surface (FS). An interesting possibil-
ity is that AFM and FM tendencies compete, yielding
suppression of magnetic order in favor of superconductiv-
ity, as might be the case in Sr,RuQ, [19]. Importantly,
while hydrated Na,CoO, is superconducting, the metallic
nonhydrated material is not. Furthermore, hydrated phases
with lower y than the fully hydrated superconductor can be
prepared. These have properties intermediate between the
fully hydrated superconductor and nonhydrated material.
Understanding the differences between these phases can
yield understanding of the superconductivity, especially
since the partially hydrated phases, while little studied to
date, are more amenable to experimental investigation due
to their greater stability.

We report investigation of high quality single crystals
of nonhydrated and hydrated Na, 4; CoO,. We find that the
electronic and magnetic properties in nonhydrated and
partly hydrated Nag 4; CoO, samples are similar at higher
temperature, but evolve differently for temperatures be-
low ~50 K. This correlates with the different evolution of
electronic Raman scattering previously found in super-
conducting hydrated samples [20]. There is an anomalous
in-plane electronic scattering minimum at ~11 K and
clear transition at ~50 K over a wide range of applied
magnetic fields in Na,CoO, - yH,O. Our magnetic mea-
surements show an increasing FM tendency at low tem-
perature in the hydrated sample, which is associated
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with the properties of the FS induced by water intercala-
tion in accord with the first principles calculations.
The implication is that the superconductivity of fully
hydrated Na 4;Co0O, is likely triplet.

Single crystal Naj4;CoO, was synthesized by deinter-
calation from a freshly cleaved high quality floating zone
grown y-Nag74C00, crystal in 6.6 mol Br,/CH;CN for
78 hours, as in Ref. [21]. The Na content was determined
by energy dispersive x-ray including microanalysis. The
2 X1 X 0.1 mm sample was divided into two parts. One
was stored in an evacuated container as a nonhydrated
sample. The other part, with four electrodes attached,
was placed in a special humidity instrument with stable
90% humidity and 45 ° C temperature to obtain a uniformly
hydrated crystal. We thus obtained a hydrated sample with
H,O concentration of 0.6. To avoid water loss [20,22], the
Nag 4;Co0, - 0.6H,O sample was transferred into a vac-
uum chamber held at 250 K. We checked and confirmed
that water content was unchanged after investigation of
the physical properties. The Co valence was determined by
using redox titrations. The Co valence for Nag 4;CoO, with
~0.6 H,O is +3.57, +0.02 less than nonhydrated
Nag 4;C00, ( + 3.59), indicating approximate charge bal-
ance between the nonhydrated and hydrated phases.
Resistance was measured in a physical property measure-
ment system and susceptibilities with a SQUID magne-
tometer. We emphasize that our samples were stable when
handled as above and that all results presented below were
reproducible. The Na concentration was confirmed using
an inductively coupled plasma spectrometer chemical
analysis after physical measurements for nonhydrated
and hydrated Naj 4;CoO, samples.
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FIG. 1 (color online). (a) XRD patterns of (00/) planes for
Nag 4;Co0, and Nag4;CoO, e 0.6H,0. Inset shows the Laue
patterns after hydration. (b) and (c) give R, vs T under different
H. Inset of (b) and (¢) are blowups for H = 0 and H//ab.

X-ray diffraction (XRD) patterns [Fig. 1(a)] for the
hydrated and nonhydrated Nag 4;CoO, show well aligned
(007) planes, indicative of the high sample quality. The
reflections shift to the lower 26 angle direction with hydra-
tion. Out-of-plane resistances R, [Figs. 1(b) and 1(c)], show
the larger c-axis resistance of the hydrated Nag4;CoO,
sample. Two established differences for hydrated and
nonhydrated systems are (1) the hydrated material is
much more two dimensional [15,16,23,24] and (2) there
is a remarkably strong interplay between the electronic
and magnetic properties of the CoO, layers and the Na
ordering in the nonhydrated material [25-27]. This is
screened upon hydration, reducing the tendency to charge
ordering, and revealing novel behavior including super-
conductivity. However, elucidation of other differences
has been impeded by the lack of stable, uniform samples
with similar compositions.

Figure 2 gives the in-plane resistivities (p,,;,) as functions
of temperature (7)) for different magnetic fields (H) with
H || ab and H || c. The nonhydrated sample [Fig. 2(a)]
shows metallic behavior over the whole temperature range.
The residual electrical resistivity is py = 21.5 u{Q cm,
which is 2 times better than commonly reported [12,28].
For Nag 4;Co0O, - 0.6H,O [Fig. 2(b)], transitions are seen in
resistivity at ~51 Kand ~11 K. The 51 K transition is quite
similar to that in Naj sCoO,, where there is a charge order-
ing transition Tq. It must be noted that a similar CO was
observed by Wang et al. [29] in a hydrated Nag4;CoO,
compound, made by immersion in distilled water. Field
has a remarkable effect on p,, of Najy,4CoO, - 0.6H,O
especially below 50 K, but a negligible effect on p,;, of
Nag 4;Co0,. The inset of Fig. 2(b) gives a schematic repre-
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FIG. 2 (color online). p,, vs T for NagyCoO, and
Nag 4;Co0, @ 0.6H,0. (a) and (b) p(T) curves without field,
inset of (b) is a structural model of sodium and water arrange-
ment in Naj 4;CoO, e 0.6H,O0. a(1), a(2), and b(1), b(2): p vs T
curves under various applied fields below 70 K with H//ab and
H//c.
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sentation of the 0.6 water inserted into the structures and
the sodium arrangement. The effect of H on p,;, with H || ¢
is much larger than with H || ab around T, (see Fig. 2). A
large positive magnetoresistance (MR) is observed below
50 K with H || ab. The most striking aspect is the second
resistivity transition at ~11 K, with a minimum resistivity
at Tin- Tonin increases with H. With increasing H, T¢q does
not change but T,,,;, does increase. For the case of H || ¢, the
MR is much larger than that with H || ab and Ty, moves to
higher temperature by ~3 K. This indicates a FM character-
istic to the 11 K transition.

Turning to the origin of the resistivity below ~11 K, we
consider the possibility of the electron-electron scattering
with the quadratic temperature dependence of the resistivity:
p = po + AT?. The in-plane p(T) of Nag 4;CoO, - 0.6H,O
at low T is shown in Fig. 3 (upper panel) for different H,
plotted as p — pogrer VS T2. A T? regime is clearly observed
for all fields below a crossover temperature 7, which grows
little with field. The observed relation indicates the Fermi-
Liquid behavior below near 8 K <7,;,). However, generic
Fermi liquid electron-electron scattering alone cannot
explain the resistivity upturn below 7',-
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FIG. 3 (color online). Upper panel: p(T) — poeer VS T at low
temperature for Nagj4;CoO, ¢ 0.6H,O at H =0, 1, 2, 4, 6, and
9 T. posiser 18 @ constant arbitrary offset chosen for clarity. Lower
panel: Zero field spin-orbit coupling.

We continue by analyzing the dependence of the field
dependence of the 11 K transition. As mentioned, there is a
large positive MR below 50 K. This is reminiscent of
observations in FM La,,;Cay3MnO; films, which show a
low T resistivity upturn, originating from quantum inter-
ference effects [30]. Using 74 (spin-orbit scattering time),
7; (inelastic scattering time), and D (diffusion coefficient),

the quantum correction Sogo(T) = %(31[# + s

\ip-) was taken [31]. D was determined by o =

e’N(Er)D(0). A standard 7; « T? was assumed [30]. The
spin-orbit contribution was obtained by the measured con-
ductivity o in 9 T subtracted from o at O T. The resulting
experimental and theoretical curves are presented in Fig. 3
(lower panel). It is found that the experimental data below
12.7 K can be well fitted with 745 of 1.38 X 10~ s and
7;/T? of 5.91 X 10712 s/K2. Note that this is below T,
in Na0.41C002 . 06H20

The link between the 7~ 50 K CO and 7 ~ 11 K tran-
sitions provides a clue to origin of the anomalous in-plane
behavior induced by hydration. Both transitions couple to
electrons at the FS, as is clear from transport, and also NMR
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FIG. 4 (color online). (a) M ~ T curves for Nag4,CoO, and
Nag 4;Co0O, ¢ 0.6H,0. (b) Bare (U = J = 0, thin red dashed
curves) and RPA (thick solid blue curves, U = 0.7 eV and J =
0.35 eV) physical spin susceptibility Re (g, @ = 0) vs momen-
tum for Nag,;CoO, (left) and Nay4;CoO, e 0.6H,O (right).
Insets show corresponding FS.
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[32]. Figure 4(a) shows that Nag 4;CoO, - 0.6H,O develops
a more magnetic ground state than the nonhydrated sample.
Nag 4;Co0, - 0.6H,0 shows a Pauli paramagnetic behavior
at high temperature, similar to Naj;CoO, [11]. The 51 K
CO transition is also reflected in the magnetization for H ||
ab and H || ¢. The low temperature results have an obvious
FM tendency, for example, the induced magnetizations are
~10 times higher than in the nonhydrated sample.

Angle-resolved photoemission (ARPES) experiments
on fully hydrated Na,CoO, - yH,O [33] show an extension
of the e, band closer to the Fermi level E than in non-
hydrated Na,CoO,. This suggests perhaps a closer corre-
spondence to band structure results, although the
qualitative fact that standard band calculations [19] predict
small e, pockets of FS in addition to the observed a, large
sheet, while these have not been observed in ARPES,
remains (note there is evidence for additional FS based
on specific heat data [34]). In any case, anomalies have
been reported in the hydrated system below 50 K. Besides,
the resistivity, discussed above, includes an evolution from
a p wavelike to a d wavelike angular-dependent in-plane
magnetoresistance (AMR) signal [35]. The concurrence of
CO and superconductivity has been discussed in terms of
competition of superconducting state and CO state. [14]
This is very plausible since superconductivity is a FS
instability, and the data discussed above plainly show a
very strong interplay of electrons at the FS with charge
ordering. Also, there is a very strong connection between
magnetism and transport and in fact several studies point to
at least partially itinerant magnetic character in these co-
baltates as shown by resistivity, magnetoresistance, AMR,
and NMR measurements [10,27,36].

To understand the low temperature FM tendency, we
calculated the spin susceptibility. As mentioned, there are
differences between standard first principles band struc-
tures and ARPES experiments. Therefore, we adopt a
model based approach following first principles calcula-
tions to elucidate the physics in a way that provides infor-
mation about the effect of different aspects of the
electronic structure in a semiquantitative way rather than
direct use of the first principles band structure. Since
Na,CoO, is a multiorbital system, we use an interaction
Hamiltonian, including on-site intra- and interorbital
Hubbard repulsions U and U’, Hund’s coupling J, and
the pair hopping J' = J [37].

H = HO + Uznlenlll + JZ Z dtla'

tmo.a.

+U D nyngy, + 0 diyd diyy i, (1)

im<l im#l

110' imo

where n;; = n;q + nyy, ny, = dj d;,. d;, is the annihi-
lation operator for the hole on site i, orbital /, with spin o.
For the single-electron Hamiltonian H, we use the 3-orbital
tight-binding model [38] based on the LDA band structure,

- Z (SZ - qu)nkla' Z Z tlmdljla—dkma" (2)

k1o ko IL,m

where tf(m is the Fourier transform of the hopping matrix
element, &' are the single-electron energies, and u is the
chemical potential. Figure 4(b) shows the corresponding FS
of nonhydrated Nay4CoO, and NapyCoO, with
water [39]. It can be seen that the main FS of Nag4;CoO,
is a rounded hexagon. This leads to a number of nesting
wave vectors near the AFM wave vector Qapy =

{Cér, %/71 (*7,0)}. With H,O, the FS has a large a, pocket
around I'-point of the hexagonal Brillouin zone and six
small e, pockets, which even for very small sizes start to
support a FM tendency. This is because of their contribution
to the density of states at the Fermi energy, N(Ep). In
particular, for a 2D cylinder, N(Er) is independent of
band filling up to the band edge, which is not the case for
a 3D pocket. Thus in a highly 2D material like the present
hydrated compound, even a very small pocket can contribute
to N(EF) and thus a FM tendency. It should be emphasized
that if the band filling is small, the resulting FM moments
will also be small and could be suppressed by quantum
fluctuations. The same effect would occur if the a, band
adopted a pudding mold shape and an inner I'-centered FS
appeared as a function of doping—a possibility that has
been discussed [40].

We study the transverse spin susceptibility X” i (g, w)
in the random phase approximation (RPA) following the
multiorbital formalism in Ref. [41] to address the doping
dependence. Because of spin-rotational invariance, U’ is
fixed via U' = U — 2J. For J =0 and x = 0.5 the spin
susceptibility shows pronounced peaks at Q sp\ reflecting
a tendency toward the in-plane 120° AFM order. Increase
of J results in the tendency toward the in-plane FM order in
the case when e, FS pockets are present [4]. Figure 4(b)
shows real part of the spin susceptibility, x(gq, w) =
zz,m/\/” ""(g, w), as a function of momentum at w = 0.
Interaction parameters are chosen to stay right below the
magnetic instability; a slight increase of U and/or J results
in ordering. Thus the position of the peak indicates the
ordering wave vector in the magnetic phase. For
Nag 4;Co0, with water, the largest peak is near k = 0
indicating a tendency toward FM. This further supports
the FM tendency of the 11 K transition. The origin of this is
due to the large N(Ep) and the relatively large J ~ U/2.
The bottom line is that there are two reasons that can be
proposed for in-plane FM at low temperatures. Both ex-
planations involve an assumption that the intercalated
water not only acts as a spacer, but also either provides
additional doping or changes the band structure to simulate
the effect of doping on the nesting. The first is that in
Naj 4;Co0, - 0.6H,0 the e, pockets are present. The fact
that e, bands are pushed toward the Fermi level upon water
intercalation was confirmed by ARPES [7], while they are
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still below the Ej. This could be due to surface effects and
they may actually touch Ej. in bulk as discussed at length in
Ref. [42]. A second explanation for the FM ordering may be
that the water changes doping so much that the FS in
Nag 4;Co0, + 0.6H,0 becomes like that at x = 0.73 case
shown in our previous work [21]. This scenario is less
probable since it suggests huge modification of the band
structure which would modify all other transport properties
in comparison with nonhydrated sample, while our experi-
mental results show this is not the case.

Our experiments on very high quality Nag4;CoO, -
0.6H,O single crystals are among the first to address the
CO and anomalous in-plane electronic scattering below CO.
The weak localization effect in Nag 4;CoO, - 0.6H,O com-
pared to nonhydrated Naj4;CoO, is in general agreement
with an increased FM tendency indicating a crossover from
weak to strong e-e scattering with hydration. Comparison
with prior results for nonhydrated and fully hydrated super-
conducting material supports the view that the partially
hydrated phase is intermediate between these in its physical
properties. The crucial finding is that hydration brings the
system closer to ferromagnetism, even with partially hy-
drated samples where there is also charge ordering. This
provides a strong implication that the superconductivity in
fully hydrated material exists in a compound near ferromag-
netism, and therefore if it is a singlet then it is strongly
suppressed by FM spin fluctuations (implying that a much
higher critical temperature would exist without them) or
more likely that this is a triplet superconductor.
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