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Resonant neutron peak and the symmetry of the superconducting order parameter
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It is shown that thes™-wave pairing state proposed to interpret the resonant neutron peak observed in
YBa,Cu;0; corresponds to an interlayer pairing state and it has a drastically different magnetic bélmavior
the odd channglin the long wavelength limit as compared to ttg_>-wave state. It is found that the
d,2_,2-wave state provides a more natural interpretation for the resonant peak, especially its sharpness in the
momentum space which is a direct consequence otitvave symmetry of the order parameter. An experi-
ment is proposed to decide which kind of pairing state is actually realized inGRB&,.
[S0163-182609)11029-4

It is widely believed that the essential physics of high-Obviously, this requirement is satisfied in tdg_,»-wave
temperature superconductors is contained in the single, CuGstate forq=Q, while in as-wave state it can never be satis-
planes and the strong two-dimensional antiferromagnetidied. It is thus suggested that the resonant neutron peak at
spin fluctuation in it plays a crucial role in both the anoma-Q=(w,7) is a manifestation ofd,2_,2-wave pairing in
lous normal state behavior and the occurrence of fiighin ~ YBa,Cu;O;.
recent years, various kinds of experiments indicate that high- However, what really exists in YB&u;O; is a Cy0,

T, superconductors may havelg ,.-wave symmetry order bilayer rather than a single Cy®lane. Due to the interlayer
parameter. This result is fully consistent with the picturecoupling in the bilayer, the electronic band will split into the
based on the antiferromagnon exchange, although it may stilonding and antibonding bands. As will be shown below, the
be too early to conclude that this is really the correct originmagnetic response observed in neutron experiments is
of high T,. mainly due to the interband transitions. Hence it is important

Neutron scattering is a very powerful tool in the study ofto know the relative sign of the superconducting order pa-
high-T. superconductors. It can provide the most detailedameter in these two bands. In the theories based,on,>
information on the magnetic response of the system througpairing within single CuQ planes, it is implicitly assumed
the measurement of the full momentum and frequency dethat the order parameter in these two bands have the same
pendence of the dynamic spin susceptibility and thus consign. However, these single plane based theories have diffi-
tains important information on both the normal state spinculties in explaining thes-axis modulation observed in ex-
fluctuation (which might be the origin of superconducting periments. In view of this, Mazin and Yakovenko proposed
pairing and the symmetry of the order parameter in the suan alternative pairing symmetry. They argued that the super-
perconducting state. In recent neutron scattering experiment®nducting order parameter in YBau;,O; should have
on superconducting YB&wO,, a sharp feature located at swave symmetry and an opposite sign in the bonding and
41 meV and centered &= (w,) in momentum space is antibonding bands and called it afi state>'35-17
observed™ The peak is peculiar in that it appears only in  Here we show that the™ state they proposed actually
the superconducting state and is sharply peaked in both thebrresponds to a interlayer pairing state and its magnetic re-
momentum and the energy spa@®ence it is sometimes sponse in the long wavelength limit is drastically different
called a resonant neutron pegakurthermore, it displays from that of thed,2_,> state. We find it is more natural to
sinusoidal modulation along the axis with a period of interpret the resonant neutron peak within the_,2-wave
m/c (c is the interlayer spacing in the g0, bilayer). picture and the sharpness of the resonant neutron peak in

Much theoretical effort has been devoted to the interpremomentum space is a direct consequence otlthe, >-wave
tation of this remarkable observation. Most of these theoriesymmetry of the order parameter. We find thaxis modu-
assume the peak occurs due to spin-flip electron excitationiation is consistent with the,2_2-wave picture, although a
across the superconducting gap; although an interpreta- quantitative comparison with experiment may be difficult.
tion based on a collective mode in the particle-particleFinally, we propose a simple experiment to decide which
channel® (rather than the particle-hole channel mentionedkind of pairing state is realized in YB&u;O;.
above is also possible. Since magnetic scattering is odd with  The neutron scattering cross section is proportional to the
respect to time reversal, the BCS coherence factor in th@naginary part of the spin susceptibiliff(q,q,, ). For the
magnetic response function vanishes on the Fermi surfadsilayer case, the total magnetic response is given by
unless the order parameter has opposite sign for momentum
k andk+q (q is the momentum transfer of the scattered

neutron, i.e., x(q,qz,w)=% exfig.(zn—2)1x™"(q,0),  (2)
AyAy 4 ¢<0. (1) wherem andn are layer indexes and
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x™"(q,7)=(T,M%(q,7)MZ(—0,0)). A® haves-wave symmetry but opposite sign. Thus the sys-
z . L L tem has a™-wave order parameter.
Miy(q,7) is the magnetization in the direction in themth To make the physical picture more clear, let us re-express

Iaygr. I_f we introduce the in-phase and the out of phase mage bonding and the anti-bonding band operaﬁoarmd ¢ in
netization the layer representation, i.e.,

MZ 1 =MZ 1 +MZ 1 )
(0,7 =MA(0,7)+ MA(a,7) e L o
2

Mz_(q,T):an(q,T)—Mﬁ(q,T),

o 1
then x(9,9,,») simplifies td CE:ﬁ(c(kl)_c(kz))_ @)

X(0.,0;,0) = x " (q,0)c0$(0,c/2) + x (9, w)sinf(q,c/2). b 2 _— .
©) Here (,‘( and (f( represent the annihilation operator in the
o upper and lower layer in the G0, bilayer. With the help of
Here x™ and x~ are the susceptibility in the even and the Eq. (7), we can express the pairing amplitude of the bonding
odd channel, and the antibonding band in terms of the intralayer and in-
terlayer pairing amplitude
X+(qi7):<TTMi(qrT)Mi—(_qio)>'
1
bab \_ T /a(1)n(D) (2)(2) (1)a(2) (2)~(1)
X‘(q,7)=<TTME(q,T)MZ,(—q,O)). (4) <Ckc—k> 2(<Ck C—k>+<ck C—k>+<ck C—k>+<ck C—k>):
When expressed in the bonding and the antibonding band 1
: i _
representationsy™ and y~ reads (cic? )= E(<C(kl)c(_1|1> +(cfPe®) - (cDe@y —(cPcWy).

X (9,0)=x"9(q,0) + X3 (q,w), ®)
Making use of the fact thafcic® ) =(cPc?,)=0, we have
X~ (0,0)=x*3(q,0)+ x*(q,0). (5)

D@y —0(2)6(2)
cr/cp)y=(cy’cy). 9
Hereb anda refer to the bonding and the antibonding band. (ectio=(ac) ©
We seexyt and y~ correspond to intraband and interband Hence, ifA2= —AE (as assumed in Ref. 13then we get
transitions, respectively. ’

In BCS theory, the susceptibility ior simplicity, we (M@ =(c@c@=0

only consider the zero temperature dade (10

and

D (q,0)= 1 > (1_ §k+q5k+A(kllqA(k”> .
oeITe % EcraE AV (ce@,
1 _ 1 that is, the system is dominated by interlayer pairing and
0+E qtEtid o—Eq—Ectid there is no pairing amplitude within the layers. Thus the
6) pairing force must come from interlayer process and has no
relation with the antiferromagnetic spin fluctuation within

whereE,= VE+AZ i andj are the band index. From this €ach Cu@ planes. On the other hand, if we assum
expression we see the coherence factor vanisheg<ak =4y (as implicitly assumed in thel,2_,2-wave picturg,
unlessA, and A{<+q has opposite sign. This is a direct con- then

sequence of superconducting pairing and the singlet nature

of the BCS ground state. For a conventiosalave super- (cMc?y=0 (11)
conductor, when the wavelength of the external field is much

longer than the coherence length of the superconductingnd

pairs, the magnetic response of the system will be greatly

suppressed by the coherence factor. However, here we have Al Do (M),

two almost degenerate bands and the situation is more subtle.

Since only the second term in E@) is observed experi- thus the system is dominated by intralayer pairing and there
mentally, it is argued in Ref. 13 that", the susceptibility in  is no pairing amplitude between the layers. Thus we must
the even channel which involves only the intraband transiconclude that the pairing force comes from an intralayer pro-
tion, should be suppressed upon entering the superconduatess. The most possible source of this force is the exchange
ing state, while the odd channel susceptibility, which involveof antiferromagnetic spin fluctuation. If this is the case, then
interband transitiory~ should not be affected. Following the it is natural to understand whgt,2_,2-wave pairing domi-
coherence factor argument, they conclude that the order paates. From this discussion, we see the physical picture for
rameter in the bonding and the antibonding baxi® and dy2_ 2-wave ands™-wave pairing states is quite different.

X




3094 BRIEF REPORTS PRB 60

A direct consequence of this difference is the drastically c
different magnetic response of the systémthe odd chan-
nel) in the long wavelength limit. For a conventiorsaave (@, q.+7/C, -24)
superconductor, when the wavelength of the external field is ~
much larger than the coherence length of the superconduct
ing pairs, the magnetic response of the system will be greatly
suppressed as compared to the normal state due to the singl
nature of the superconducting pdinsore directly, due to the
coherence factor in Ed6)]. For thed,._,2-wave state dis-
cussed above, the pairing occurs totally within each planes
Hence when the in-plane wavelength of the external field

(9, q,, ®)

approaches infinity, their magnetic response will be sup- YBa,Cu,0,
pressed correspondingly, no matter how small the out of . . . .
plane wavelength is. While in the"-wave state proposed in FIG. 1. Schematic drawing of the experimental setting.

Ref. 13, the pairing occurs predominately between the two
layers of the CpO, bilayer. The intralayer pairing amplitude
is rather small, thus the magnetic response will not be supergy should be of the same order as the energy of the optical
pressed when the in-plane wavelength approaches infinity, apin wave. Hence we conclude that the frequency of optical
long as the out of plane wavelength remains finite. This isspin wave must be larger than the energy of the resonant
indeed the case. As shown in Ref 13, whan neutron peak. Indeed, experiments have failed to observe the
—0, xo(0,w) increase to a much higher value than that atoptical spin wave below 60 meV, although its absence may
gq=Q in the s*-wave state and there is only a rather weakhave a more profound origin.
peak around)=Q. In fact, to account for the sharpness of  Since thed,z_,.-wave ands*-wave states have drasti-
the resonance peak in the momentum space, these auth@iglly different magnetic responses in the long wavelength
have introduced a strongly momentum dependent antiferraimit, we can devise a simple experiment to decide which
magnetic interactiod(q) = J(cosa,+cosgy) which peaks at  one is actually realized in YB&u;O, by detecting the scat-
g=Q and conclude that the position of the neutron peadf in tered neutron with a momentum transégr (0,0,7) and en-
space is set by(q) and has no relation with the symmetry of ergy transferw=2A .. The experimental setting is shown
the order parameter. We note that even with such a momenn Fig. 1. Making use of the energy and the momentum con-
tum dependent(q), the peak around|=Q is still rather  servation, we see at once tazecomponent of the incident
broad. More importantly, the long wavelength magnetic re-momentum of the scattered neutron should be kept at
sponse in the odd channel is still quite large. On the other
hand, in thed,2_,.-wave state which has dominate pairing
within each individual Cu® planes, the long wavelength
response is prohibited in both the even and the odd channel,
hence the peak at=Q is intrinsically more sharp than that
in the s*-wave state. We think the sharpness of the neutronvherem is the neutron mass.
peak in momentum space comes mainly from the symmetry In conclusion, we show the™-wave state proposed to
of the order parameter, rather than the antiferromagnetic counterpret the resonant neutron peak corresponds to an inter-
pling. layer pairing state and it has drastically different magnetic
We now turn to thec-axis modulation. From E¢(3), we  response in the long wavelength limit as compared to the
see the sinusoidal modulation will persibtit with a reduced dy2_y2-wave state which has dominate pairing within each
amplitude y " —x ") as long asy >x*. The nonzero re- individual CuQ planes. We find it is more natural to inter-
sponse in the even channel only produce a constant backset the neutron peak within tha2_,2-wave picture, espe-
ground. As is clear from Ed4), if there exists antiferromag- cially its sharpness in the momentum space which we think
netic interlayer coupling, the magnetic response in the odds a direct consequence of thigz_,>-wave symmetry of the
channel will be larger than that in the even channel beloworder parameter. We also proposed an experiment to decide
some characteristic energy. Obviously, this characteristic enwhich kind of pairing is actually realized in YB&wO;.
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