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Coherence peak in the spin susceptibility from nesting in spin-triplet superconductors:
A probe for line nodes in SL,RuO,
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We study the dynamical spin susceptibiljgyq,») for spin-triplet superconductivity. We show that a large
peak atw=2A appears in Iny,{Q,w), wherez is the direction of thel vector for triplet pairing, if Fermi
surface has a nested part with the nesting ve@@nd the order parameters ate\ and —A in this part of
the Fermi surface. If there are line nodes in the nested part of the Fermi surface, a peak appears in either
Imy,AQ,w) or Imy, _(Q,w), or both, depending on the perpendicular component of the nesting vector. The
comparison with inelastic neutron-scattering experiments can determine the position of the line nodes in triplet
superconductor SRuQ,.
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I. INTRODUCTION EA’(sinky+i sink,) 3
The superconductivity in SRuO, (Ref. 1) has been re-
vealed to be unconventional by many experiments; it is spin
triplet?® it breaks time-reversal symmethand its energy . ) o
gap has line nodes?® zA'(sinky—1i sinky) 4
Triplet superconductivity with horizontal line nodes of the
energy gap has been propoSealexplain these experiments. at T<T. and the vertical line nodes will disappéar.
The absence of the angle dependence of the thermal conduc- Zhitomirsky and Ric& proposed the mechanism for the
t|V|ty within the a-b p|anéllloshows that the line nodes run horizontal line nodes that while the active band has a full
horizontally on the Fermi surface. Angle-resolved ultrasouncenerdy gap, the interband proximity effect makes the hori-
attenuation experimehtis compatible with the horizontal zontal line nodes in the passive band. They assumed that the
line nodes. two-dimensional band is active and that the line nodes are in
The Fermi surface of SRuQ, consists of three cylindri- ©ne-dimensional bands.
cal surfaces named, ﬂ, and ,),,12,13 as predicted by the On the other hand, it has been shown that Spin-triplet
band calculatiod**® The hybridization of thed,, and dy, superconductivity is induced in the quasi-one-dimensional
one-dimensional bands, if the mixing of these bands is netomagnetic spin fluctuation is anisotropic in the spin
glected. If small mixing is taken into account, we get hole-SPace” ! If this is the case, the one-dimensional bands are
like « and electronlikeB, but the nesting of the Fermi sur- expected to have a full energy gap and the two-dimensional
faces survives as predictéd,and is confirmed by the band has line nodes.

inelastic neutron-scattering experimehtsThe y surface is Therefore, the determination of the gap structure is impor-
constructed by thel,, orbital of Ruthenium and is two di- tant to understand the mechanism of unconventional super-
mensional. Y conductivity in SgRuQ,. Bulk measurements such as spe-

Nomura and Yamad& have studied the two-dimensional Cific heat, nuclear magnetic resonance, and thermal
three-band Hubbard model in the third-order perturbatiorfonductivity cannot distinguish which part of the Fermi sur-
theory, and obtained that triplet superconductivity is stabiface has the line nodes, g, or y. _ o
lized mainly in the two-dimensional band. They also ob- N the inelastic neutron-scattering experiments, imaginary
tained the line-node-like power-law behavior in the temperaPart of the dynamical spin susceptibility, Ix(q, ), is ob-
ture dependence of the specific heat due to the vertic&jerved, from which we can get the information of the super-
nodelike energy gap in the and 8 bands. In their treatment, conducting order parameter. The so-called 41-meV peak in
the momentum dependence of the gap is determined at tHB€ Spin-singlet-wave superconducting state of Y&a,0;
transition temperatur&,. The spin-triplet state such as (Refs. 22-2 has been observed. Many theoretical

studied’~3" have been done to explain the peak structure in
— A i ; ; - inelastic neutron scattering.
k) =24 sinksinky(sink 1 sinky) @ Dynamical susceptibility for the spin-triplet superconduc-
or tivity has been studied theoreticaffy>° Recently, the reso-
nance peak in Inp(qg,w) is shown to be a sign of the triplet
d(k) =zA(coSk,—cogk,) (sink,+i sink,) (2)  superconductivity”~*? The order parameter assumed in
these papers, however, does not seem to be consistent with
whered(k) is thed vector, should be mixed with experiments in SRuG,.
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In this paper we show the general form of the dynamical

spin susceptibilityy;; (0, ») in the unitary states of the triplet x5 (G 0)=> 2 o, rUBﬁrZ ' g (K:Q)
superconductivity and calculate it in the system which has ac’ BB’

the nested Fermi surface with and without line nodes in the XD(*)(k,q1w)(f(Ek,)_f(Ek))+C(7) (K, q)
nested part of the Fermi surface. We show that the position ac’Bp

of the line nodes can be determined by the inelastic neutron- XDM(K,q,w)(1—F(Ex)—F(Ep))}, (11

scattering experiment, which observes the imaginary part of

the dynamical susceptibility/:*>44 where

. 8,310,
C( ) (k )= ap'%a’B
II. DYNAMICAL SPIN SUSCEPTIBILITY aa’ BB’ Q= 2
OF SPIN-TRIPLET SUPERCONDUCTIVITY

* !
The dynamical spin susceptibility is given$y* + Bapr Ot gl ~ REAALp(K) A arpr(K )),
2E,E,

1 “ A -
Xﬁ(q,iwm)=—ZTEk Tr(a,G(kien) e, (12
n,
1 1
+
Ek Ekr+w+|1" Ek Ekr—w—ll"
Here w,,=2m=T and e,=(2n+1)#T are Matsubara fre- (13

quencies i andn are integers anda andG(k,ie,) are the k'’ = k+q, and the analytic continuationw,,— w+iI" with

4x 4 Nambu representations of the spin and Green’s funck — + 0 has been done.

tion, respectively; i.e., We taked vector parallel to thez axis as indicated by
experiments;® to obtainy=0 fori#j and

X G(K+q,iey+iwm). (5) D(k,q, )=

N (a'i 0 ) :I_-i—pZ i+1_ z y iy (6) 1
ai= = g g’o 07, i _
2 2 Xi(q.w)=3 E {C(k,q)D O (k,q) (F(Ey) — F(Ey))

whered' (i=Xx, v, or z) is a Pauli matrix, and

0 oYod'o¥

+C(k, DOk, q) (1 —F(Er) — F(EQ)},

. G(k,ie,) F(k,iepn) 14
G(k,ien):< L T @) (14
Fi(k,ie)) —G(—k,~ie,) where
The 2x 2 matrix Green'’s functioris(k,i €,) and the anoma- Tk, q)=CL)(k,q)=C)(k,q)
lous Green’s functiorF (k,ie,) are given as the Fourier co- e o B
efficients for 1 gkgk, Re(d* (k)d (k")) s
“2° 2E,Ep ’
Go p(k,7) = —(T,aka()aks(0)) ®) K
and
and
1 fkfk/+Re(d* (k)d,(k"))
(*)
Fap(k,7)=(T,a(7)a_5(0)), 9 Cir(ka)= 2EE, . (18
respectively.

. . . o
In this paper we consider the weak-coupling theory for Depending OQ _the_ sign of Re; (k)d (k")) in thg
the spin-triplet superconductivity. We take account of the in-coherence fa_CtOCi(i ) in Egs. (15 and (16), a peak will
teractionU by the random-phase approximatiRPA), appear in either I, _(q,w) or Imy,(q,w), ie., if
Re(d (k)d,(k'))>0 [<0], a coherence peak appears in

0 X+ -(0,0) [x:{0,@)], as we will show in the following
Xij(qyw) ti
Xij (G w)=— (10)  section.
1-Uxij(q, @)
. . . I1l. COHERENCE PEAK FROM THE NESTED FERMI
but the essential properties, such as a peak ig;(Q, ), SURFACE
are already seen in the absence of the interaction effects. _
The order parameter is given by thievector asA , 4(k) In order to study the coherence peak ipFI0,, we take

=i ((d(k)- U)gy)aﬁ We study the unitary stated*(k) the simple three-band model where there are two one-
x d(k)=0 in this paper, since experimental results can bedimensional bands and a two-dimensional band, i.e.,
explained by the unitary states. Then we perform the sum- )

mation ovem in Eq. (5), and get )= —2t,c08k,) + €o1, (17
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FIG. 1. Fermi surface d,=0 and the nesting vect@.
el?)=—2t,codk,) + gy, (18

€)= — 2t cogk,) + cog k,) ] — 4tjcog k,) cog k) + €3,
(19

where the lattice constant is taken to be 1. We set parameters

ast;=0.31 eV, ep=—0.24 eV,t3=0.44 eV,t3=0.14 eV,
and eg;= —0.14 eV. The Fermi surface is shown in Fig. 1.
We set the wave vectag to be the nesting vectdD. Thez
component ofQ is arbitrary ifd(k) does not depend ok, .
Since Imy?(Q,w) is dominated by the contribution from the
one-dimensional bands, we consider the dynamical spin su
ceptibility only for the one-dimensional bands in this paper.

PHYSICAL REVIEW B7, 014512 (2003

In caseA, Cooper pairs are formed between the electrons on
the nearest sites in the conducting plafg and r;+
(£4a,0,0),r;+(0,£a,0)] for the one-dimensional electrons,
and Cooper pairs are formed between the electrons and
ri+(*xal2,=b/2,=c/2) for the two-dimensional electrons.
These order parameters can be realized if the pairing Hamil-
tonian is taken d$

>

k.k",o,0’

- ; ot
+sinkysinkgby by b by}

H'= ( gll{SinkXSink)’(alo'atkfo'a*k’ —o' ko’

- ke ky kg
+g13) Sink,sincos;cos,-

X(af,al y_ ,Cy_oCrrgr+H.C)

- x Ky K
+sink,cos- sin2cos—
yTTT2T 2 2

x(bﬁngkgck,U,ck,g,+H.c.)} ) (24)

wherea/, andb]_, are creation operators for the electron in
one-dimensional bands amy,, is the creation operator for
the two-dimensional band. In the above, only terms relevant

& the spin-triplet superconductivity witki(k)|z are in-

cluded. The terms proportional tp; describe the attractive

For the normal state with perfectly nested Fermi surfacdnteraction between electrons with up and down spins in the

(& =—&), the imaginary part of the dynamical suscepti-

bility is
1-2f| 2
2

wheref(w/2) is the Fermi distribution function, and a con-
stant density of stateN(0) is assumed.

: (20

0 o
Ianorma(Q:w) = E N(O)

We study three possible cases for the triplet superconduc

tivity. In the first casdcaseA) the constant energy gap opens

in the one-dimensional bands, while the line nodes are in the

two-dimensional band. In the second cdsaseB) we as-

one-dimensional bands, which makes the triplet supercon-
ductivity with d vector parallel to the axis. Theg,; terms
represent the pair hoppings between one-dimensional and
two-dimensional Fermi surface.

In this case Imyﬂ(Q,w) from the one-dimensional band is
obtained as

sume that the order parameter in the one-dimensional bands

depends only ork, as cog,. In the last casécaseC), the

order parameter in the one-dimensional bands depends bofty,0 (Q,w)=

onk, andk,, and it is zero in the horizontal line nodes.

A. CaseA

First we study cas@, where we take the order parameters
as

dlz(k):AlSinkx, (21)
da (k) =iA;sinky, (22
and
da(K)=A sin&cosk—yﬂcos—xsinlﬁ cos|3 (23)
sz s\ 272 2772 2"

0 if w<2A
imX(z)z(Q!w): T w 0 . ,
—N(0) ———tanh— if o=2A
2N w?—(20)7 4T
(25
0 if w<2A
JoZ=(2A)2 . )
TN TP R i w=24
2 w 4T
(26)

whereA = A;sinkg is the energy gap on the Fermi surface in

the one-dimensional bands. In Fig. 2 we plot imaginary part
of the dynamical susceptibility normalized byf2)N(0) as

a function ofw at T=0 for the superconducting state and at

a finite temperature for the normal staf€=0.1A). Since

the coherence factdt!,’(k,Q) is 1, Imy2(Q,w) diverges
atw=2A as the density of states in teavave superconduc-
tivity.

In Fig. 3 we plot the dynamical susceptibility obtained in
RPA with parametersA;=0.001 eV, T=0.0001 eV, T’
=0.0001 eV, andU=0.175 eV for the one-dimensional
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FIG. 2. Imaginary part of the dynamical susceptibility normal-

FIG. 4. Nesting vecto in the caseB [horizontal line nodes on

one-dimensional Fermi surface, E¢R7) and(28)]. Thick solid and
thin dashed lines show the side view of the Fermi surface on which
order parameter is positive and negative, respectively. Solid arrows

ized by (m/2)N(0) in caseA [full gap on one-dimensional Fermi
surface, Eqs(21) and(22)]. We takeT=0 for the superconducting

state and we take finit€ for the normal state(Sincew andT are
scaled byA, we takeT=0.1A for the normal state.

band [Eq. (17) and sinke~0.922]. A peak appears ab
=2A;sink=~0.00184 eV only in Iny,(Q,w).

B. CaseB

Next we study cas®. We assume horizontal line nodes
on the one-dimensional Fermi surface as

d,(k)=A;sink,cosk,, (27

dy (k) =iA;sinkycosk, . (28

In this case the Cooper pairs in the one-dimensional bands

are formed between electrons onand r+(0,0,=c). Al-
though this order parameter is not likely to be realized in
SKLRUQ,, we study this case to show the mechanism of reso
nance peak. In this case if we takg=0 or 7, line nodes
are connected by) as shown in Fig. 4. FoQ,=0, we
obtain that

— XAQw)
20 ) =ee-- 2(Qw)
=
L
10+
09 = : :
.000 0.001 0.002 0.003 0.004 0.005

o (eV)

FIG. 3. Imaginary part of the dynamical susceptibility in cése
[full gap on one-dimensional Fermi surface, E(21) and (22)]
calculated in RPA. We take\;=0.001 eV, T=0.0001 eV, I"
=0.0001 eV, andJ=0.175 eV.

(Q,=0) and dashed arrowg),= 7) are the nesting vectors.

( 2

N(O)F| arcsir || (22 he
(0) _aI‘CSI Al tan hT
0 if w<2A
Imx24Q.w) = a2l w
N(O)K_(? tanhﬁ
| if w=2A
(29)
[ o] arcsid 1/ 22) Tann
(0) _aI’CSI Ao tan T
0 if w<2A
Imy% _(Q,w)= Coat2l
N(O)E(j tanhﬁ
| if w=2A;
(30

whereF (¢|m) andE(¢|m) are incomplete elliptic integrals
of the first and the second kinds, akKdm) and E(m) are
complete elliptic integrals of the first and second kinds, re-
spectively. As shown in the top panel of Fig. 5,)‘|E9(Q,w)
diverges atw=2A as the density of states for superconduc-
tivity with line nodes. ForQ,=, Imy?2, and Imy% _ are
exchanged.

For Q,= w/2, we get afT=0

IMx2,(Q,0)=Imx% _(Q,w)

(0 if w<A
[ w\? 1
N(O)F(aI’CSII’MK) -1 —[(w/A)Z—l]Z)
= if A<w<\2A
1
K([(w/A)Z—l]Z)
\ if w=\2A.

(31
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FIG. 7. Imaginary part of the dynamical susceptibility in cBse
FIG. 5. Imaginary part of the dynamical susceptibility in cBse [line nodes in one-dimensional Fermi surface, E@3) and (28)]
[line nodes in one-dimensional Fermi surface, H&%) and (28)]. calculated in RPA. We take the same parameters as in Fig. 3.

We take the same parameters as in Fig. 2. ) o ) . )
This type of superconductivity is realized if the two-

. .dimensional band is active and the one-dimensional bands
In the RPA we get essentially the same result as shown "Bre passivé? In this case thd& andZ points in Fig. 1 are not
Fig. 6. : ;
, _ equivalent and the order parameter is zerokat =,
h For Qﬂ&?’ 7T|/2’ anq ™ |d1fZ(|jR)|+.|ilz(k )| a2t kz_de +37. We calculate Iny;i(Q,w) numerically and plot
as o local maxima —of X,Sin FlcosQ/2)| and 1,0 (0 ) as a function ofw in Fig. 8. The small coher-
24,48inke[sin@Q/2)|. If Reldi,(K)d(K )]_>O atk,, (where ence peak exists ab~1.5A;. In this case Rel} (k)d,(k
|d12(k)|+|q12(k/)| becomes local maximumthen a peak +q)] changes sign fok on the Fermi surfacéFig. 9. The
appears - n er’.**(Q"")’ else a peak appears in small coherence peak g, _(Q,w) for Q,=0 and that in
Imy,AQ,w). In Fig. 7 we plot the RPA result fa@= =/4. A ¥,{Q,®) for Q=27 can be understood as follows. Af

peak is seen ab=2A,c0s7/8~0.0017 in Iny,(Q,w) and —k-~0.637 and O= (27— 2k 27— 2k the maxi-
a small peak is seen atw=2A;cosm/8~0.0007 in muan value of Q=(2m Foem F1Qd), X

ImX+7(Q,w).
|dy (k)| +[dy(k")]
C. CaseC k,
. =—5-| |€0S5| V1—COKpCOK,
Finally, we study cas€. Here we assume the order pa- 2 2

rameter in the one-dimensional bands to be

k,+
+ COSZTQZ J1—coskgcog k,— 2kg)
k k k, k k
di,(K)=doy(K)=A4 sinfco%ﬂ co%sir% co%z. (33

(32) is approximately 1.5, atk,~1.62r andk,=0, if Q,=0
or 2. Since Réd7,(k)d;,(k"))>0 (<0) atk,~1.627 and

e , Y 06
LN S A(Q0) 04 1
o5t A
0.0 fee=” |
=10 &=®2
E o5 J\
0.0 :
10 T
05 | """"""
0'8.000/ 0.002 0.004 8,000 0.001 0.002 0.003

o (eV) ® (eV)

FIG. 6. Imaginary part of the dynamical susceptibility in c8se FIG. 8. Imaginary part of the dynamical susceptibility in c&se
[line nodes in one-dimensional Fermi surface, EG3) and (28)] [line nodes on one-dimensional Fermi surface, B88)]. We take
calculated in RPA. We take the same parameters as in Fig. 3. A;=0.001 eV, T=0.0001 eV, and’=0.0001 eV.
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FIG. 9. Imaginary part of the dynamical susceptibility in c&se
[line nodes on one-dimensional Fermi surface, B6)] calculated
in RPA. We take the same parameters as in Fig. 3.

k,=0 for Q,=0 (Q,=2m), Imy, _(,»(Q,w) has a peak at

IV. COMPARISON WITH SPIN-SINGLET
SUPERCONDUCTIVITY

Equation(11) can be also applied for the spin-singlet case,

when the order parameter is written a4 (k)

PHYSICAL REVIEW B 67, 014512(2003

~(r,,q,) in high T, cuprateg*?730333643ote that the
dynamical spin susceptibility® _(q,) [Eq. (15)] for the
spin-triplet superconductivity is similar to the dynamical
chargesusceptibility in the spin-singlet superconductivity.

V. CONCLUSION

We study the dynamical spin susceptibility for the spin-
triplet superconductivity. The resonance peak appears either
in Imy,Aq,w) or Imy, _(q,w) from the nesting part of the
Fermi surface. We have shown that the existence of the line
nodes on the quasi-one-dimensional Fermi surface drasti-
cally changes the dynamical susceptibility, which can be ob-
served by inelastic neutron-scattering experiments.

Coherence peak appears in }¥m (Q,w) if
Red} (k)d(k+Q))>0 or in  Imy,[(Q,w) if
Re(d? (k)d,(k+Q))<0. When Réd? (k)d,(k+Q))

changes sign in the nested part of the Fermi surface, a coher-
ence peak can appear in both 3»m(Q,w) and
Imy, _(Q,w), but the divergence becomes weaker and eas-
ily smeared out. The position of the line nodes on the Fermi
surface, if line nodes exist in the nested part of the Fermi
surface, will be observed by scannifg, in the inelastic
neutron scattering.

Recently, the resonance peak was searched, Rugy, by
inelastic neutron scatterirfg;** but no changes have been

=io¥,3A(k). As expected, we get the isotropic coherenceobserved belowl . yet. We take the amplitude of the order

factor

o)

i i
E a-a/a’o-,B,B' aa' BB’

aa'Bp’
Ekéi +Re(A* (K)A(K"))
EkEk/

:5”' 1+ (34)

A peak appears in Im;(q,), only if Re(A*(k)A(k"))
<0, which is the case for thel-wave paring withq

parameter in the one-dimensional bandAgs=0.001 eV in
the RPA calculation. If the one-dimensional band is passive,
the value may be smaller and the observation will be diffi-
cult. The gap structure, however, will be observed by experi-
ments with better resolutions using better single crystals.
Recently, Mukudaet al*’ reported on a different depen-
dence of the relaxation in ruthenium and oxide nuclear quad-
rupole resonance. This difference may be explained by the
difference ofy, _(q,») andy,(q,) in the spin triplet su-
perconductivity.
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