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Spin dynamics in the superconducting state of the newly discoveregdd®-yH,O superconductor with
three possible pairing symmetrigs, +ipy, d+id’, andf 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-siridleid’)-wave pairing, while only in the
out-of-plane(in-plang component for the spin-tripleip,+ip,)-wave (f-wave) pairing. We also indicate that
there is no spin resonance for smvave pairing. These distinct features may be used to probe or determine the
pairing symmetry in this compound unambiguously.
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Recently, superconductivity with,~5 K was discovered components of the dynamical spin susceptibiligyfor all

in the CoQ-layered material, N€00O,-yH,0.! This com-  possible unconventional pairing symmetries in the 2D trian-
pound consists of two-dimension@D) CoO, layers, with  gular lattice with the nearest-neighb@iN) pairing interac-

Co atoms forming a 2D triangular lattice and being separatedon, we show that the identification of the spin resonance
by a thick insulating layer of Naions and HO molecules. peak in the SC state, which can be carried out by neutron
AlthOUgh itSTC is relatively low, this SUperCOﬂdUCtor has still Scattering experimentsy may also provide an unambiguous
attracted much attention because it shares some similaritiegye to probe or determine the pairing symmetry in this com-
with high-T; cuprates; in particular, it may be another uncon-poynd. We elaborate that the occurrence of the spin reso-
ventional superconductor in a family of the doped Mott in-nance peak in a specific componentyoexclusively corre-
sulators. Therefore, the investigation of this compound is eXsponds to alefinitechange of the phase df,.

pected to give insight on the mechanism of the = 1o address both the spin-singlet and the spin-triplet super-
unconventional superconductivity. So far, several quite dif'conductivity in the same model as well as to capture the
ferent theoretical proposéfs for its pairing symmetry, such essential physics of electron correlation, we employ a phe-
as the spin-singleti+id’ wave and the spin-triplep,+ipy  nomenologicat-U-V modet56on a 2D triangular lattice, in
wave (or evenf wave*9), have been put forward. On the \hich an effective NN pairing interactiofV) is responsible
other hand, experimental results on the pairing symmetry,, superconductivity and an on-site Hubbasdor the elec-
reported by different groups are also controversial, even with.on correlation. Choosing the mean-field parameter

the same experimental methdd: A®=V((ci¢; )% (c )2, we can write the effective
In unconventionatl-, p-, andf-wave superconductors, the !

gap functionA, changes the sigfphasé around the Fermi Hamiltonian as

surface and thus would lead to ze(asdes in the supercon- Hoge= - E [tCiT(,CjU“‘ H.c]+ UE iy + 2 [Ai(jr)
ducting(SO) energy gapAy|. Therefore, one can in principle Gine i (i)
determine the pairing symmetry, by measuring the distribu- bt
tion of the phase and/or node positions. In practice, it is the x(cjicj £ ¢y cpp) + H.cl, (1)
node position rather than the phase that can be inferred ighere the upper sign is for the spin-triplet pairing state and
usual thermodynamic, transport, and NMR experimentsihe |ower sign for the spin-singlet pairing state.

Therefore, the probe of the node position has been mostly |n the 2D triangular lattice, the dispersion relation of qua-
used in the clarification of the pairing symmetry in uncon-sjparticles is

ventional superconductotd. However, the much debated

pairing symmetries so far proposed for 8a0O,-yH,0 are k 3k

.4 V
the broken-time-reversal symmetiy-id’ andp, +ip, waves. €ic= = 2| cosky+ 2 cosy, COS_ZY el (2)
. _ d d’ .

In this case, the energy gai| = V[AP+[A Pis npdeless. _For the NN SC pairing interaction(d,_,2+id,,)-wave,
So, a probe that is dlrectly rel_ated to the p_hase s of Spe‘.:'aflpxiip )-wave, andf-wave pairing states may exist on a 2D
importance for the determination of the pairing symmetry in*" Y T deid’
this compound as well as in other unconventional supercorifiangular latticet” (i) A" =Ag{codk,)—cogk,/2)
ductors, as seen from the fact that the phase-sensitive experCOSV3k,/2)+iv3sin(k,/2)sin(v3k,/2)}, (i) AR"*=A,
ments played a key role in the determination of the pairing= {sin(ky) + sin(k,/ 2)cogy3k,/2) +i 3 cogk,/2)sin(v3k,/2)},
symmetry in highT, superconductor¥. In this paper, by and iii) AL:AO{sin(kX)—Zsir(kXIZ)cos{v‘Sky/Z)}. Given the
noting that a spin resonance peak appears in the differemttractive interactionV and with t<0,2415 the mean-field
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calculation of Eq.(1) shows that nearly degenerate singlet
(d+id’)- and tripletf-wave solutions are favored at=0.4,
while the tripletp,+ip, wave is stable at=1.35, wheren is
the average electron number per 3fé8In order to compare
the results for different pairing symmetries with roughly the
same SC gap, we have chos®t*0.7% for n=0.4 and
V=1.7 for n=1.35, which givesA\;=0.015 for the f wave,
Ay=0.014 for the d+id wave (n=0.4), and A;=0.015 for
the p+ip wave (n=1.35. The effective on-site Hubbard in-
teraction is assumed to h¢=2.3.%°

The bare spin susceptibility is given by

1 Ci(k@(Feg—1) Cika)(Feq—1)
Xi(}(q’w) = _2 s ¥ k,q_ - + k,q_
4N o=y q+il o+ +il
» 2k Dy ] , @

where the coherence factors are

&g * REAA g)
Ek+qu

} (4)
for the spin-singlet pairing and ifj =zz (the out-of-plane
component ofy) for the spin-triplet pairing, and

€cicrq Re(AkALq)]
Ek+qu

if ij=+— (the in-plane component of) for the spin-triplet

pairing. Fy =f(Eng)tf(E) and O =EtE.q with

E=Ve2+|A % and f(E,) 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-

Ci(kqg) = {11

Cij(k,q) = [11 (5)

tributes to the spin susceptibility. An essential difference in

the coherence factors between the spin-singlet paionthe
componenty,, for the spin-triplet pairingg and the compo-
nent y,_ for the spin-triplet pairing is the sign difference in
front of Re[AkA;+q]. 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 approximatfidim this
way, the renormalized spin susceptibility is given by,

Xij(0,©) = X3, @)[1 - Uxi (g,0)] . (6)

The momentum dependences of the dynamical spin sus-

ceptibility for ®=0.02 in the SC statéd T=0.0001) are pre-
sented in Fig. 1. For thép,+ipy)-wave pairing, a peak near
Q1=0.9427/3,27/\3) can be seen, while for thewave
and(d+id’)-wave pairings, a peak neq,=(0,\37/2) 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
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FIG. 1. Momentum dependence of jmwith ©=0.02 for (a)
px+ipy wave atn=1.35, andb) f andd+id’ waves an=0.4. The
momentum is scanned along the path shown in the inséd)of

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

In Fig. 2(@), we present the frequency dependence ojIm
at Q, for the spin-triplet(p,+ipy)-wave pairing. It is seen
that a spin resonance peak occurs neal0.08 for the out-
of-plane component Iny,, but it is absent for the in-plane
component Imy,_. 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-tripfetvave pair-
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doping density. We note that a much sharper peak occurs

aroundq=(0,0) for Im y,_ in the case of the spin-triplet
pairing. This peak already presents in the normal Stateé
shown hergand reflects an enhanced ferromagnetic fluctua
tion that may arise from the substantial density of state at th

FIG. 2. Frequency dependence of jmin the SC state
(T=0.0001): (a) for the p,+ip, wave atn=1.35 andQ; (b) for the
f andd+id’ waves atn=0.4 andQ,. The inset of(b) shows the
eesults for the purel andd’ waves, respectively.
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E FIG. 4. Fermi surfacethick lines and phasg =) of the gap
functions for three possible pairing symmetries. The dotted lines
oo X denote the node positions that separate the regions with different
. 000 005 0.10 015 02 phases, and the dashed lines with arrows represent the transition
0.00 5= =005 010 X 0.20 wave vectorsQ; andQ, as indicated in Fig. 1.
(b) (b Fermi surface fon=1.35, where th@, +ip, wave is favored,

is a circle centered &0,0) point. For either the, or p, term,
the two half circles separated by the line node will have the
opposite(different signs (phasep of the gap functionA,.

FIG. 3. Frequency dependence of the bare spin susceptipility
in the SC statéT=0.0001): (a) the p,+ip, wave ain=1.35 andQy,

where the solid line indicates I, and the dashed line Ind_; (b) _ ]
thef andd+id’ waves an=0.4 andQ,, where the solid line indi- Therefore, for the wave vectdp;=0.942m/3,2m/\3), A

cates Imy2, of the f wave, the dashed line Inf_ of the f wave, andAy.q, have opposite signs. According to E¢#) and(5),
and the dotted line thd+id’ wave. the coherence fact®@™ is appreciable foij =zzand vanishes
forij=+-. As aresult, the DOS peak shows up in)@and

. 0 . . ~
ing [Fig. 2Ab)]. Moreover, the spin resonance peak can bedoes not in Iy, as shown in Fig. @). But for thef-wave

found in both components for the+id’ pairing2° via the pairing state A, andA.q, connected by2,=(0,\37/2) are.
relation Imy,_=2 Im y,, which holds for a spin-singlet of the same sigiiphasé. Therefore, the DOS peak exists in

0 ; 0 rEi i
state. The quite different features in the spin response for al[" X instead ?f AF‘ My, [Fig. 3(b)]5 Tfhe ”C'jo.St ?}eﬂmte f
three possible pairing states are significant, and may be us e n:jonzt,ratlon 0 th's argument canbl N Oﬁn In t ? g{ilse 0
as an unambiguous clue to probe or determine experimer‘i-e Hid’ wave, where an appreciable conerence fatior
tally the pairing symmetry in this compound. requires thatd, and A4 have the opposite signs. However,

To understand our observation, we plot the bare spin sudfom Fig. 4 one can see that, though thes connected by
ceptibility Im x, in Fig. 3. It is clear that a peak is evident at (N Wave vecto, satisfy the requirement for the’ term,
the spin gap edge following by a steplike decrease just belok/10S€ for thed term do not. To see their effect, we have
the gap edge in the channel where there is a spin resonanEElCUlat.ed the. results fc_>d and d te.”“s' separately. As
peak. Using the Kramers-Kroenig relation, we will obtain aShoWn in the inset of Fig. (8), we find no peak for the
logarithmic singularity in its real part Reg, (the inset of Fig. &-Wave term, buta sharp peak for iewave term. Remem-
3). Thus, the RPA correction will further magnify this effect bering that the term RAF" AZI 1= AFAL,  + A Af,, one
and leads to a sharp peak near the gap edge. This indicaté#l expect that the effect ofi’ term is dominant for the
that a peak just above the spin gap edge is the source of tigerid’ wave. The only relevant difference between thand
spin resonance. According to the BCS theory, the density ofl’-wave pairings is the sigfphase of their gap function. So,
states(DOS) is divergent just above the SC gap edge, andhe spin resonance peak dependsquely on the relative
this divergence is expected to show up in some physicaphase of the gap functions connected by the transition wave
properties. However, the effect is limited by the coherencevector. Therefore, its identification may be taken as a phase-
factor which is either~0 or ~1, depending on the relative sensitive method to probe the pairing symmetry of
sign of A, andAy.4, whenE, andE,. are near the gap edge. Na,Co0,-yH,0 superponduc_tors. The spin suspeptibility can
Specifically,C™ is negligible unless\, and A, are of op- ~ be measured by the inelastic neutron scattering, as done for
posite signs for the spin-singlet pairfigand for Imy,, in ~ high-T, cuprates where a spin resonance was observed
the spin-triplet pairing, or of the same sign for jm_in the ~ aroundq=(m,7).?? Note that a similar procedure had also
spin-triplet pairing. With these general considerations, let udeen applied to higi cuprates with a dominartz_,2 pair-
now address the origin of the above observation. ing state?® In that case), and Ayiq With g=(,7) have the

In Fig. 4, we plot the phaset sign denotes the phase 0, opposite sign and therefore the spin resonance appears.
— sign the phaser) and node positiondotted line$ for Moreover, we can also conclude from the above analysis that
various terms of the three possible pairing symmetries. Théhere should be no spin resonance peak fos-arave pair-
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ing, because the coherence fad®ris negligible due to the exists in quite different ways for all possible pairing symme-

same sign il\, andA,, for any wave vectoq in the case of  tries proposed for the newly discovered,8a0,-yH,0 su-

the spin-singles-wave pairing. This feature is distinctly dif- perconductor, and suggested to use it as an unambiguous

f_erent frc_Jr_n those for ;he above-addressed three unconvegtue to probe or determine the pairing symmetry in future

tional pairing symmetries. inelastic neutron scattering experiments. Moreover, we have
Before concluding the paper, let us use the above argusiaporated that the spin resonance peak has a close relevance

ment to address the anisotropic suppression of the spin gy the relative phase of the gap function and the geometry of
sponse ag=(0,0) shown in Fig. 1. Atg~(0,0), the two the Fermi surface.

gap functions connected by will surely have the same
phase. So, the coherence faoc®ris negligible for the spin- We are grateful to Q. Han for useful discussions. The
singlet pairing and Iny,, of the spin-triplet pairing, but it is work was supported by the National Nature Science Founda-
not for Im y,_. Thus, the spin response arouge- (0,0) in  tion of China(90103022,10021001the RGC grant of Hong
the former case is strongly suppressed. Kong (HKU 7050/03, HKU 7045/0% and partly by RFDP

In conclusion, we have found that the spin resonance peak0030284008
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