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Spin dynamics in the superconducting state of the newly discovered NaxCoO2·yH2O superconductor with
three possible pairing symmetries(px+ ipy, d+ id8, and f wave) is studied theoretically on a two-dimensional
triangular lattice. We find that a spin resonance peak, which is found to have a close relevance to the relative
phase of the gap function and the geometry of the Fermi surface, appears in both the in-plane and the
out-of-plane components of the spin susceptibility for the spin-singletsd+ id8d-wave pairing, while only in the
out-of-plane(in-plane) component for the spin-tripletspx+ ipyd-wave (f-wave) pairing. We also indicate that
there is no spin resonance for ans-wave pairing. These distinct features may be used to probe or determine the
pairing symmetry in this compound unambiguously.
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Recently, superconductivity withTc,5 K was discovered
in the CoO2-layered material, NaxCoO2·yH2O.1 This com-
pound consists of two-dimensional(2D) CoO2 layers, with
Co atoms forming a 2D triangular lattice and being separated
by a thick insulating layer of Na+ ions and H2O molecules.
Although itsTc is relatively low, this superconductor has still
attracted much attention because it shares some similarities
with high-Tc cuprates; in particular, it may be another uncon-
ventional superconductor in a family of the doped Mott in-
sulators. Therefore, the investigation of this compound is ex-
pected to give insight on the mechanism of the
unconventional superconductivity. So far, several quite dif-
ferent theoretical proposals2–7 for its pairing symmetry, such
as the spin-singletd+ id8 wave and the spin-tripletpx+ ipy
wave (or even f wave6,8), have been put forward. On the
other hand, experimental results on the pairing symmetry
reported by different groups are also controversial, even with
the same experimental method.9–12

In unconventionald-, p-, andf-wave superconductors, the
gap functionDk changes the sign(phase) around the Fermi
surface and thus would lead to zeros(nodes) in the supercon-
ducting(SC) energy gapuDku. Therefore, one can in principle
determine the pairing symmetry, by measuring the distribu-
tion of the phase and/or node positions. In practice, it is the
node position rather than the phase that can be inferred in
usual thermodynamic, transport, and NMR experiments.
Therefore, the probe of the node position has been mostly
used in the clarification of the pairing symmetry in uncon-
ventional superconductors.13 However, the much debated
pairing symmetries so far proposed for NaxCoO2·yH2O are
the broken-time-reversal symmetryd+ id8 andpx+ ipy waves.

In this case, the energy gapuDku=ÎfDk
dg2+fDk

d8g2 is nodeless.
So, a probe that is directly related to the phase is of special
importance for the determination of the pairing symmetry in
this compound as well as in other unconventional supercon-
ductors, as seen from the fact that the phase-sensitive experi-
ments played a key role in the determination of the pairing
symmetry in high-Tc superconductors.14 In this paper, by
noting that a spin resonance peak appears in the different

components of the dynamical spin susceptibilityx for all
possible unconventional pairing symmetries in the 2D trian-
gular lattice with the nearest-neighbor(NN) pairing interac-
tion, we show that the identification of the spin resonance
peak in the SC state, which can be carried out by neutron
scattering experiments, may also provide an unambiguous
clue to probe or determine the pairing symmetry in this com-
pound. We elaborate that the occurrence of the spin reso-
nance peak in a specific component ofx exclusively corre-
sponds to adefinitechange of the phase ofDk.

To address both the spin-singlet and the spin-triplet super-
conductivity in the same model as well as to capture the
essential physics of electron correlation, we employ a phe-
nomenologicalt-U-V model15,16on a 2D triangular lattice, in
which an effective NN pairing interactionsVd is responsible
for superconductivity and an on-site HubbardU for the elec-
tron correlation. Choosing the mean-field parameter
Di j

s±d=Vskci↑cj↓l± kci↓cj↑ld /2, we can write the effective
Hamiltonian as

Hef f = − o
ki j l,s

ftcis
† cjs + H.c.g + Uo

i

ni↑ni↓ + o
ki j l

fDi j
s±d

3sci↑
† cj↓

† ± ci↓
† cj↑

† d + H.c.g, s1d

where the upper sign is for the spin-triplet pairing state and
the lower sign for the spin-singlet pairing state.

In the 2D triangular lattice, the dispersion relation of qua-
siparticles is

ek = − 2tFcoskx + 2 cos
kx

2
cos

Î3ky

2
G − m. s2d

For the NN SC pairing interaction,sdx2−y2± idxyd-wave,
spx± ipyd-wave, andf-wave pairing states may exist on a 2D

triangular lattice:17 (i) Dk
d+id8=D0hcosskxd−cosskx/2d

3cossÎ3ky/2d+ iÎ3sinskx/2dsinsÎ3ky/2dj, (ii ) Dk
px+ipy=D0

3hsinskxd+sinskx/2dcossÎ3ky/2d+ iÎ3cosskx/2dsinsÎ3ky/2dj,
and (iii ) Dk

f =D0hsinskxd−2sinskx/2dcossÎ3ky/2dj. Given the
attractive interactionV and with t,0,2,4,16 the mean-field
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calculation of Eq.(1) shows that nearly degenerate singlet
sd+ id8d- and triplet f-wave solutions are favored atn=0.4,
while the tripletpx+ ipy wave is stable atn=1.35, wheren is
the average electron number per site.16,18In order to compare
the results for different pairing symmetries with roughly the
same SC gap, we have chosenV=0.75t for n=0.4 and
V=1.7t for n=1.35, which givesD0=0.015t for the f wave,
D0=0.014t for the d+ id wave sn=0.4d, and D0=0.015t for
the p+ ip wave sn=1.35d. The effective on-site Hubbard in-
teraction is assumed to beU=2.3t.19

The bare spin susceptibility is given by

xi j
0sq,vd =

1

4N
o
k
FCij

−sk,qdsFk,q
+ − 1d

v − Vk,q
+ + iG

−
Cij

−sk,qdsFk,q
+ − 1d

v + Vk,q
+ + iG

+
2Cij

+sk,qdFk,q
−

v + Vk,q
− + iG

G , s3d

where the coherence factors are

Cij
±sk,qd = F1 ±

ekek+q + ResDkDk+q
* d

Ek+qEk
G s4d

for the spin-singlet pairing and ifi j =zz (the out-of-plane
component ofx) for the spin-triplet pairing, and

Cij
±sk,qd = F1 ±

ekek+q − ResDkDk+q
* d

Ek+qEk
G s5d

if i j = +− (the in-plane component ofx) for the spin-triplet
pairing. Fk,q

± = fsEk+qd± fsEkd and Vk,q
± =Ek±Ek+q, with

Ek=Îek
2+ uDku2 and fsEkd the Fermi distribution function.

NearT=0, only the first term in Eq.(3) with the coherence
factor C−, involving the creation of quasiparticle pairs, con-
tributes to the spin susceptibility. An essential difference in
the coherence factors between the spin-singlet pairing(or the
componentxzz for the spin-triplet pairing) and the compo-
nentx+− for the spin-triplet pairing is the sign difference in
front of RefDkDk+q

* g. This sign difference is a key point for
our later discussions.

We may include the many-body correction to the spin
susceptibility by the random phase approximation.19 In this
way, the renormalized spin susceptibility is given by,

xi jsq,vd = xi j
0sq,vdf1 − Uxi j

0sq,vdg−1. s6d

The momentum dependences of the dynamical spin sus-
ceptibility for v=0.02t in the SC statesT=0.0001td are pre-
sented in Fig. 1. For thespx+ ipyd-wave pairing, a peak near
Q1=0.94s2p /3 ,2p /Î3d can be seen, while for thef-wave
and sd+ id8d-wave pairings, a peak nearQ2=s0,Î3p /2d ap-
pears. An obvious feature, seen from the figure, is that these
peaks depend only on the doping density and is irrespective
of the symmetry of the pairing state and the components of
Im x. This is due to the fact that these peaks arise from the
nesting of the Fermi surface, which is determined only by the
doping density. We note that a much sharper peak occurs
aroundq=s0,0d for Im x+− in the case of the spin-triplet
pairing. This peak already presents in the normal state(not
shown here) and reflects an enhanced ferromagnetic fluctua-
tion that may arise from the substantial density of state at the

Fermi level. However, it is highly suppressed for the spin-
singlet pairing and for Imxzz in the spin-triplet pairing as
shown in Fig. 1.

In Fig. 2(a), we present the frequency dependence of Imx
at Q1 for the spin-tripletspx+ ipyd-wave pairing. It is seen
that a spin resonance peak occurs nearv=0.05t for the out-
of-plane component Imxzz, but it is absent for the in-plane
component Imx+−. However, in sharp contrast, the spin reso-
nance peak appears in the in-plane component rather than in
the out-of-plane component for the spin-tripletf-wave pair-

FIG. 1. Momentum dependence of Imx with v=0.02t for (a)
px+ ipy wave atn=1.35, and(b) f andd+ id8 waves atn=0.4. The
momentum is scanned along the path shown in the inset of(a).

FIG. 2. Frequency dependence of Imx in the SC state
sT=0.0001td: (a) for thepx+ ipy wave atn=1.35 andQ1; (b) for the
f and d+ id8 waves atn=0.4 andQ2. The inset of(b) shows the
results for the pured andd8 waves, respectively.
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ing [Fig. 2(b)]. Moreover, the spin resonance peak can be
found in both components for thed+ id8 pairing,20 via the
relation Imx+−=2 Im xzz, which holds for a spin-singlet
state. The quite different features in the spin response for all
three possible pairing states are significant, and may be used
as an unambiguous clue to probe or determine experimen-
tally the pairing symmetry in this compound.

To understand our observation, we plot the bare spin sus-
ceptibility Im x0 in Fig. 3. It is clear that a peak is evident at
the spin gap edge following by a steplike decrease just below
the gap edge in the channel where there is a spin resonance
peak. Using the Kramers-Kroenig relation, we will obtain a
logarithmic singularity in its real part Rex0 (the inset of Fig.
3). Thus, the RPA correction will further magnify this effect
and leads to a sharp peak near the gap edge. This indicates
that a peak just above the spin gap edge is the source of the
spin resonance. According to the BCS theory, the density of
states(DOS) is divergent just above the SC gap edge, and
this divergence is expected to show up in some physical
properties. However, the effect is limited by the coherence
factor which is either,0 or ,1, depending on the relative
sign ofDk andDk+q, whenEk andEk+q are near the gap edge.
Specifically,C− is negligible unlessDk and Dk+q are of op-
posite signs for the spin-singlet pairing21 and for Imxzz in
the spin-triplet pairing, or of the same sign for Imx+− in the
spin-triplet pairing. With these general considerations, let us
now address the origin of the above observation.

In Fig. 4, we plot the phase(1 sign denotes the phase 0,
2 sign the phasep) and node position(dotted lines) for
various terms of the three possible pairing symmetries. The

Fermi surface forn=1.35, where thepx+ ipy wave is favored,
is a circle centered at(0,0) point. For either thepx or py term,
the two half circles separated by the line node will have the
opposite(different) signs (phases) of the gap functionDk.
Therefore, for the wave vectorQ1=0.94s2p /3 ,2p /Î3d, Dk
andDk+Q1

have opposite signs. According to Eqs.(4) and(5),
the coherence factorC− is appreciable fori j =zzand vanishes
for i j = +−. As a result, the DOS peak shows up in Imxzz

0 and
does not in Imx+−

0 , as shown in Fig. 3(a). But for the f-wave
pairing state,Dk andDk+Q2

connected byQ2=s0,Î3p /2d are
of the same sign(phase). Therefore, the DOS peak exists in
Im x+−

0 , instead of in Imxzz
0 [Fig. 3(b)]. The most definite

demonstration of this argument can be found in the case of
the d+ id8 wave, where an appreciable coherence factorC−

requires thatDk andDk+q have the opposite signs. However,
from Fig. 4 one can see that, though theDk’s connected by
the wave vectorQ2 satisfy the requirement for thed8 term,
those for thed term do not. To see their effect, we have
calculated the results ford and d8 terms, separately. As
shown in the inset of Fig. 2(b), we find no peak for the
d-wave term, but a sharp peak for thed8-wave term. Remem-

bering that the term RefDk
d+id8Dk+q

d+id8pg=Dk
dDk+q

d +Dk
d8Dk+q

d8 , one
will expect that the effect ofd8 term is dominant for the
d+ id8 wave. The only relevant difference between thed- and
d8-wave pairings is the sign(phase) of their gap function. So,
the spin resonance peak dependsuniquely on the relative
phase of the gap functions connected by the transition wave
vector. Therefore, its identification may be taken as a phase-
sensitive method to probe the pairing symmetry of
NaxCoO2·yH2O superconductors. The spin susceptibility can
be measured by the inelastic neutron scattering, as done for
high-Tc cuprates where a spin resonance was observed
aroundq=sp ,pd.22 Note that a similar procedure had also
been applied to high-Tc cuprates with a dominantdx2−y2 pair-
ing state.23 In that case,Dk andDk+q with q=sp ,pd have the
opposite sign and therefore the spin resonance appears.
Moreover, we can also conclude from the above analysis that
there should be no spin resonance peak for ans-wave pair-

FIG. 3. Frequency dependence of the bare spin susceptibilityx0

in the SC statesT=0.0001td: (a) thepx+ ipy wave atn=1.35 andQ1,
where the solid line indicates Imxzz

0 and the dashed line Imx+−
0 ; (b)

the f andd+ id8 waves atn=0.4 andQ2, where the solid line indi-
cates Imxzz

0 of the f wave, the dashed line Imx+−
0 of the f wave,

and the dotted line thed+ id8 wave.

FIG. 4. Fermi surface(thick lines) and phase(6) of the gap
functions for three possible pairing symmetries. The dotted lines
denote the node positions that separate the regions with different
phases, and the dashed lines with arrows represent the transition
wave vectorsQ1 andQ2 as indicated in Fig. 1.
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ing, because the coherence factorC− is negligible due to the
same sign inDk andDk+q for any wave vectorq in the case of
the spin-singlets-wave pairing. This feature is distinctly dif-
ferent from those for the above-addressed three unconven-
tional pairing symmetries.

Before concluding the paper, let us use the above argu-
ment to address the anisotropic suppression of the spin re-
sponse atq=s0,0d shown in Fig. 1. Atq,s0,0d, the two
gap functions connected byq will surely have the same
phase. So, the coherence factorC− is negligible for the spin-
singlet pairing and Imxzz of the spin-triplet pairing, but it is
not for Imx+−. Thus, the spin response aroundq,s0,0d in
the former case is strongly suppressed.

In conclusion, we have found that the spin resonance peak

exists in quite different ways for all possible pairing symme-
tries proposed for the newly discovered NaxCoO2·yH2O su-
perconductor, and suggested to use it as an unambiguous
clue to probe or determine the pairing symmetry in future
inelastic neutron scattering experiments. Moreover, we have
elaborated that the spin resonance peak has a close relevance
to the relative phase of the gap function and the geometry of
the Fermi surface.
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