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Nuclear spin relaxation rate of disordered p,+ip,-wave superconductors
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Based on an effective Hamiltonian with the binary alloy disorder model defined in the triangular lattice, the
impurity scattering effects on the density of states and especially on the spin-lattice relaxationTraté 1/
px+ip,-wave superconductors are studied by solving numerically the Bogoliubov—de Gennes equations. In the
clean limit, the coherence peak of Ty/is observed as expected. More intriguingly, for strong scattering
potential, the temperature dependence of1éxhibits the two different power-law behaviors ndarand at
low temperatures, respectively, which is qualitatively consistent with the nuclear quadrupolar resonance mea-
surement of the newly discovered superconductgQ¥&, -yH,O (x=0.35. We argue that the disorder effect
plays an important role in the thermodynamic properties ofgeip,-wave pairing state as indicated in this
paper, as well as other superconducting states with unconventional pairing symmetries. Therefore further
experimental exploration is expected to determine the actual pairing symmetry of this material.
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The superconductor N@&oG,-yH,0 (x=0.35, recently compatible experimental observations of the temperature de-
studied by Takadat al,! has stimulated much theoretical pendence of 17, may be qualitatively understood within the
and experimental interest in studying its spin and orbitalpicture of thedisorderedchiral p,+ip,-wave pairing state if
symmetries of the Cooper pairs, which helps to explore anghe effect of impurities is properly considered.
understand the underlying superconducting mechanism of Here we employ a mean-field Bogoliubov-de Gennes
this material. At present this issue is hotly debated, and ther@8dG) Hamiltonian on a tight-binding triangular lattice with
still exist controversies both theoretically and experimen-the nearest-neighbaqiNN) hopping integralt and the NN
tally. Resonating valence bohtheories of the triangular lat- bond pairing potentiad; resulting from the effective attrac-
tice t-J modeP° describe NgCoO,-yH,O as an electron- tive interactionV. The model Hamiltoniah34 which cap-
doped Mott insulator based on the fact that the'Catoms  tures the essential physics of the present system with impu-
has spin% as C@" in high-T, cuprates. Such theories prefer rities, may be expressed as
the spin-singled+id’-wave pairing(d=d,2_,» and d’=d,y).

On the other hand, theories based on a combined symmetry Hef =~ E tijCiTaCjU"' 2 (&~ M)CiTaCia

analysis with fermiolog$ favor triplet over singlet pairing hhe ho

with the d-vector perpendicular to the cobalt plaf®ost PUPS AP N

probably d=2(p,*ip,), i.e., ptipy,-wave pairing stafe As ¥ <i'j>[A”(C'TC” * GG +hel, @

for the experimental aspect, a series of nuclear magnetic/ . o ]

quadruplolar resonana®MR/NQR) measurements'® also wheretij:t is the NN-hopping mt_egral. In the remfaunder of

give divergent implication about the pairing symmetry in this paper, we choose<0 according to the analysis on the

Na,Co0,-yH,O. Namely, for spin pairing Ref. 8 found the band cajculaﬂo%? an.d the energies will be measured in unit

signature for the triplet pairing while Ref. 9 supported the©f lt]. . is the chemical potential. Here, we adopt the binary

singlet pairing, although both examined the temperature delloy disorder deéF wheree¢; is the &-functionlike scalar

pendence of the Knight shift. For the orbital wave functionScattering potential and takes the valugon certain lattice

of the Cooper pairs, a fully-gapped superconducting &fate Sites according to the impurity concentratiog,, and zero

is inferred from the existence of the Hebel-Slichter coher-lséwhere. The spin-triplet pairing potenti) is defined as

ence peak of the spin-lattice relaxation ratel/Ty), while  Aij=(V/2)({ciCj ) +(ci\¢;p)). Note that only thed, compo-

the opposite conclusion is drawn from the NQR experifflent Nent of the spin-triplet pairing is considered here in view of

that 1/T, decreases acro3s without the coherence peak and the experimental indication that the vector is parallel to

follows a power-law dependence deviating the exponentiaf-axis according to the invariant behavior of the Knight shift

relation, which implies a nodal gap function. for the in-plane magnetic _fiel%i.ln the homogenous case
Motivated by the novel power law behavior reported in With electron doping, the,+ip,-wave pairing state is stable

Ref. 10 and the fact that various impurities or defects, sucirgainst thed+id’-wave in the triangle-lattic&; which is ex-

as intrinsic disorder associated with Na vacantfesxygen  Pressed as

vacancies, substitution atoms in the Gofayer, etc., are _ . . =

present during the synthesis and handling of this compound, Apx”Py(k) = 28[sin(ky + sintk/2)cod v3k/2)

in this paper we invest?gate and.elucidate the effect of disor- +i \,'5 cogk /2)sin( \@ky/Z)], 2)

der on the nuclear spin-relaxation rate of thetip,-wave _

superconductor. Our results indicate that the seemingly inwhereAp:(1/6N)Ei,5A”+5e""<5> with i+ 8 the six NN sites
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R(,i)=- =T J Pl(E)pli(— E)f' (E)dE,

—00

©)

wherepiC{B(E) is expressed as

I(E) piE utu™ U™
(piljl( ) P;z( )): ( |n :1* |n L*)5(E_En)-
P21(E) Pzz(E) n i

i
For the unconventional pairing, the contributions from the
off-diagonal elementg,, andp,; are absent in Eq5) due to
the pairing symmetry, which forbids the on-site pairing
amplitude?! The local density of state®OS) is calculated
according to

Uj Uj vjv

p(i,E) = 2p1y(E) = 2p5,(~ E). (6)
To numerically investigate the disorder effect on the elec-

FIG. 1. Density of states as a function of energy of the disor-tronic structure and accordingly the nuclear spin relaxation

dered p,+ipy-wave pairing state for the clean limisolid line),
Nimp=2%, Up=2 (dashed ling ny,,=5%, Uy=2 (dotted ling,
Nimp=5%, andUy=10 (dash-dotted ling Also shown in the inset is

rate in the 2D system, for certain impurity conteqy,, typi-
cal DOS and 1T, are obtained by averaging over 20 impu-
rity configurations with the size of the supercell>2@0 and

the temperature dependence of the impurity-averaged order paramoQ wave vectors in the supercell Brillouin zol¥eFor

eter Ap(T).

each impurity configuration, self-consistent bond pairing
potential A;; is obtained with the maximum relative error

of i. By applying the self-consistent mean-field approxima-between two consecutive iteration steps is less thad 10
tion and performing the Bogoliubov transformation, diago-this work, we calculate the impurity-averagedT1# T, (i)
nalization of the Hamiltoniakl; can be achieved by solving and p(E)=p(i,E), where(...) denotes averaging over space

the following BdG equations:

H. A u’ u
s, el
j ij ij 7 \Uj Yj

()

and impurity configurations.

In Fig. 1, we illustrate the dependence of the disorder-
averaged DOS on the impurity contemt,, and the scatter-
ing strengthU,. The set of curves display clearly) the
shrinking(and even vanishingf the energy gajbii) smear-
ing and decreasing of the coherence peakngs and Uy
increase. A®\,, increases from 0 to 2% and 5% for the fixed

Where Un, Un are the BOgOIiUbOV qUaSipartiCle amplitudeS U0:2, the gap is f|||ed from the gap edge, resumng in a

with corresponding eigenvalude,. Hj;=—t;+ 5 j(¢—pu).
Aj is calculated according to Aij:(V/4)En(u{‘va‘*

~u'v")tanh(E,/2kgT).  Throughout this work, we set

V=2.3 andu=1.0 which gives rise t,=0.12 and the elec-
tron number per site is 1.39 in the absence of discrtiBue
to the vanishingly small anisotropic factor
px+ipy-wave pairingt® there is ones-wavelike full gap
opened at approximatelg,,~0.4 (see Fig. 1 for the clean

reduced effective gap. And wheby=10 for n,,=5%,
strictly speaking, the energy gap is closed with figi(g&) as
E—0 (although the DOS hump arountis,, can still be
identified and the residual DOS at the Fermi level is as large
as 60% of the normal state value. The large residual DOS in

of the the superconducting state is consistent with the experimental

study of specific hea&f indicating the importance of inho-
mogeneity in this material. In the inset of Fig. 1, we give

limit). We find that the energy-band width is 9.0 and theA(T) in the clean limit,n,,=2%, Uy=2, Nipp=5%, Up=2

Fermi energyEg~ 3.8 as measured from the bottom of the andnimp:S%,UO: 10, showing that both the order parameter
band, both being in one order of magnitude larger than theind the transition temperature are reduced and the decrease
superconducting energy gags,, Therefore, our numerical of A, asT— T is also not as sharp in the disordered cases as
investigation does not violate the weak-coupling BCS theoryin the dilute limit. These behaviors are consistent with the
as indicated by the characteristic quantitdAgg/ksT.  pair-breaking effect of nonmagnetic impurities in unconven-
~3.5L tional superconductors.

Once the self-consistent quasiparticle spectrum is ob- The evolution of the density of states originates from the
tained, the nuclear spin relaxation rate is calculated accordmpurities and depends on their content as well as strength.
ing to,'® For the weak scalar scatterer with)=2 (corresponds t@;
=0.5 according to Ref. 22there are two peaks of the local
DOS around an isolated impurity near the gap edge with
energieswy,/ Ag,p=10.89 highlighting the presence of an
impurity bound state in the unconventionp}+ip,-wave
superconductdt?? in remarkable contrast to the conven-
tional s-wave superconductors, although both are fully
gapped. And for strong potential, such Bg=10 (corre-

RG,j) =1m x_, (i,],iQn — Q+i0)/(QT)|g_o
= Wf f [PEl(E)sz(_ E')- P22(E)P21(_ E']
Xf(E)[1-f(E')]S(E-E")JEdE, (4)
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FIG. 2. Temperature dependence ofT{/normalized by its EIG. 3. Temperature dependence Tﬁf_/Tl_ for the disordered
value atT, for the p,+ip,-wave (solid line), swave (dashed ling ~ Px*Ipy-wave whennin,=5%, Uo=10 (solid line) and niyp=5%,
and p,-wave (dotted ling superconductors. Solid squares representyo=2 (dashed ling The solid squares are the same as those
the experimental data extracted from Fig. 2 of Ref. 10. of Fig. 2.

state for comparison. As for the noda}wave pairing[real
sponds tas=2.5), we havew,/Agap=+0.37. For finite im-  part of Eq.(2)], the slower logarithmic divergent o{E) and
purity density, to look into the closure of the energy gapthe halved coherent factor result in a much suppressed co-
induced by the impurities, we study the impurity-averagedherence peak, and in the low temperature regjgf) = E
self-energy of the quasiparticle, which is determined by they;yes rise to the® dependence of the nuclear spin relaxation
self-consistent equatiorf$2> rate as shown in the figure.
G(K,iwp) =[i@no0— &(K)o, = Ap 0 Apyo'y]_l (77 Figure 3 shows the nuclear spin-relaxation rate when the
X impurity scattering is present. Two typical results are com-
gliey) pared with the exp(_arimental daltdAs expected, the coher-
S(iwy) = nimpﬁ, (8) ence p'eak of 1T, ghsappears for both .the_ weak and strong
Uo"—g(iwp) scattering cases, in accord with the finding that small con-
centration of impurities is able to smear the sharp divergence
A, are real and imaginary parts of E@) respecxtively of the DOS near the gap edge. For strong disorders with
P ' "~ Ug=10, our results of 1T, as a function of temperature in-

Y, . . .
g(‘_() IS ;he nc;rmall state quasiparticle - energy anddicate aT*! dependence at the low temperature region and a
g(_'f’n):.fd k/(2m)°G(k,iwy). For the weak scalterers 121yejation near,, being consistent with the results of an
Uo>gliwy), the S(/:atterlng 2rate Y [determined by  approximate constaiE) near zero energy as shown in Fig.
3(w—0)==iy] is y=\(7NonimpUp)*~AG,, WhereNg is the 1. More importantly, these results appear to be qualitatively
normal density of states per spin at the Fermi level. Thereconsistent with the experimental observation of Ref. 10. The
fore, the impurity parameten;,,Uj must be larger than reason for the choice of such parameters is to take into ac-
Acad T)/ 7Ng to entirely close the gap, i.ey# 0 isreal. This  count the strong scattering effect of the Co vacancies in the
effect of disorders for thep,+ip,-wave pairing is signifi- 2D triangular CoQ lattice as an analogy to the cuprates,
cantly different from that for the higfiz nodald,>_,>-wave  where voids in the Cuplane serve as important pairing
pairing. In thed-wave pairing, infinitesimahimpUg givesrise  breakers. On the other hand, the study of weak disorders
to finite density of states at the Fermi level. In the strongwith Uy,=2 exhibits that 1T, first drops with aT" (n=3)
scattering limit,Ug*<g(iw,), we obtainy=\nimpAcad ™No,  law at the vicinity of T, and then exponentially similar to its
which is the same as the result dfwave superconductors behavior in the clean limit, showing @ownwardcurvature.
with unitary impurities?®?” The above discussion qualita- The occurrence of the exponential behavior is due to the
tively explains what we illustrate in Fig. 1. opening of the energy gap at certain temperaitiréor the

The impurity effect on DOS is manifested by the variationweak scatterers. And™ is governed by the solution of
of NMR relaxation according to E@5). First, we address the Aeap(T*):WNonimpUg, which results inT*/T,=0.8 for
temperature dependence ofT}/in the absence of disorder U,=2 and Nimp=5%. According to this, one will have a
(clean limiy. Whenn;,,=0, the 1NE?-AZ,, divergence of power-law dependence of T/ down to lower temperature
the DOSp(E) at the gap edgé g, Will lead to the Hebel-  region by simply increasing the impurity contem,,. Notice
Slichter coherence peak of Ty just below T, as shown in that, our analytical discussion presented earlier gives
Fig. 2, although the jump of the peak is much lower than thatomplementary information to make our numerical results
of the sswave pairing because the coherence factor changegualitatively not limited to the specific parameters we choose
from 1+Aéap/ E? in the s-wave case to 1 in thp,+ipy-wave in the present paper.
case. Furthermore, whén<T; and Ag,> T, 1/T; of both In summary, we have elucidated the disorder effects on
thes-wave andp,+ip,-wave pairing states shows the behav-the electronic structure and nuclear spin-relaxation rate of the
ior of e™2cadT due to their fully gapped nature. Also shown in px+ipy-wave pairing state, which is closely relevant to the
Fig. 2 is the behavior of I; of the gaplesp,-wave pairing  new superconductor Na£Co0,-yH,O. The experimentally

whereiw,=iw,~2(iw,) and oy is the unit matrix.A, and
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observed temperature dependence df,i¢ explained quali- the time-reversal-symmetry breaking effect in theripy-
tatively. It is also interesting to compare the present resultand d+id’-wave pairing states, and the phase-sensitive
with those for another layered superconductor,RBO,  Josephson-tunneling related experiméhtan give more de-
(Refs. 28 and 2pwith a possiblep,+ip,-wave pairing sym-  cisive evidences to distinguish the gapped pairing states from
metry. We found that the gap in jlgCo0;,-yH,0 is highly  the nodal ones, such as thgandd,z_,> waves. The scanning
isotropic® in the triangular lattice, while the gap inRuO,  tunneling microscopy experimeRtsare also able to shed
with the proposed p,+ip,-wave pairing is strongly jight on the pairing symmetry by examining the energy and
anisotropic:® Therefore, we predict that future T/ mea-  gpatial pattern of the impuriy and vorte®* states. Finally,
surements on high-quality samples of N&0G,-yH,0 e wish to stress that numerical calculations presented in the
may observe both the coherence peak and the exponentighyer can be considered only as a qualitative illustration of

dependence on temperature, in contrast toTiff behavior  physical properties of the considered superconducting state.
of 1/T; in the significantly anisotropic RuO,, even if both

are in the hypotheticgb,+ip,-wave pairing states. We thank Y. Chen, J.-X. Li, X.-G. Li, and Q.-H. Wang for

On the other hand, as far as the DOS-related physicdielpful discussions, and G.-q. Zheng for his providing us the
guantities, such as I}, are concerned, there should be nopreprint of Ref. 10 as well as useful discussions. We appre-
qualitative differences between tg+ip,-wave pairing and ciate Dr. J.-X. Zhu for reminding us to note Ref. 23. The
the d+id’-wave pairing state in the sense that they are bottwork was supported by the RGC grant of Hong Kong under
fully gapped and have similar response to impurite®  Grants No. HKU7050/03P and No. HKU7045/04P, the
Therefore, more definitive experimental measurements of thBlSFC under Grants No. 10204019 and No. 10334090, and
Knight shift are demanded to determine the symmetry of thehe 973-project of the Ministry of Science and Technology of
spin part of the Cooper pair wave function. Moreover, theChina under Grant No. G1999064602, and the URC fund of
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