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A resonance in the magnetic scattering of neutrons from superconducting YBa2Cu3O7 has been observed at
a momentum transfer of (p/a,p/a,p/ c̄), wherea is the in-plane Cu spacing andc̄ is the Cu-Cu bilayer
spacing. Here we construct a model of a CuO2 bilayer and show that a collectiveS51, antiferromagnetic
excitation withq5(p/a,p/a,p/ c̄) arises if the gap hasdx22y2 symmetry.

Neutron scattering experiments1–4 on YBa2Cu3O7 find
evidence of a narrow resonance in the superconducting state
at an energy of 41 meV. Several of these experiments1,2 also
suggest that a weaker broad response appears in the normal
state aboveTc . In two of these experiments

2,4 polarized neu-
trons were used to identify the scattering as due to a mag-
netic excitation, while in another,3 the momentum depen-
dence of the scattering was used to characterize the magnetic
scattering. As a function of momentum transfer, the peak was
found to occur atq5(p/a,p/a,p/ c̄) with a the in-plane
Cu-Cu spacing andc̄ the bilayer Cu-Cu spacing.

The challenge in formulating a theoretical framework for
interpreting these experiments is that one must deal with

both antiferromagnetic and superconducting correlations in a
system in which the bilayer band structure and strong Cou-
lomb correlations are important. An approach which we have
previously used to discuss NMR~Ref. 5! and neutron
scattering6 involves approximating the magnetic susceptibil-
ity x by a random-phase approximation~RPA! BCS form
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is the BCS susceptibility7 for a given form of the band struc-
ture «p and the gapDp with Ep5A«p

21Dp
2. Similar ap-

proaches to thet-J model have also been used by various
authors.8–11 To model the CuO2 bilayer in YBa2Cu3O7 we
have taken

«p522t~cospx1cospy!22t'cospz~cospx2cospy!
22m.

~3!

Here px and py run over the usual two-dimensional~2D!
Brillouin zone andpz50 orp, corresponding to the bonding
or antibonding orbitals of the bilayer. We have assumed a
near-neighbor in-plane hoppingt and taken an interlayer
term of the form suggested in Refs. 12 and 13. For the gap,
we will take a simpledx22y2 form,

Dp5
D0

2
~cospx2cospy!. ~4!

Within this approximation,x0
BCS treats the pairing correla-

tions while the antiferromagnetic correlations reside in the
RPA form for x, Eq. ~1!, and the strength of the effective

interactionŪ. The band structure is contained in«p and the
effect of the Coulomb correlations, which reduces the quasi-
particle bandwidth and leads to flatbands, will approximately
be taken into account by renormalizingt, t' , andm.

Taking t' /t50.10 and Ū/t52, we have calculated
x(q,v) from Eq. ~1! for a filling of ^n&50.875. Results for
Imx(q,v) versus v with q5Q5(p,p,p) and
q5Q85(p,p,0) in the normal state atT5Tc are shown in
Fig. 1~a! as the solid and dashed curves, respectively. Similar
results for Imx(q,v) versusv in the superconducting state
with T5Tc/2 are shown in Fig. 1~b!. We have used the same
scale in Figs. 1~a! and 1~b! so that the results can be conve-
niently compared. The resonance in Imx(Q,v) occurs for
v.v052umu. Here we have takenTc50.1t and
D0(T50.5Tc)50.5v0 , corresponding to 2D0(0)58kTc .
We have carried out similar calculations for a dispersion re-
lation with a next-nearest-neighbor hopping term
24t8cospxcospy and found that the peak remains for
Q5(p,p,p) but the structure in Imx(Q8,v) for
Q85(p,p,0) is further smeared out. The important point is

PHYSICAL REVIEW B 1 MARCH 1996-IVOLUME 53, NUMBER 9

530163-1829/96/53~9!/5149~4!/$10.00 5149 © 1996 The American Physical Society



that the bilayer coupling makes the nesting of the bonding
and the antibonding bands better than the nesting within a
given band. Hence, within the RPA framework, the bilayer
coupling can cause the peak in Imx to occur at
Q5(p,p,p) rather than atQ85(p,p,0) even for more
complicated Fermi surfaces.

In order to understand the origin of the resonance within
this model, it is useful to examine the bonding and antibond-
ing energy band contours shown in Fig. 2. The bonding
Fermi surface (pF

b ,0) for ^n&50.875 is shown as the bound-
ary of the shaded region in Fig. 2~a! and the dotted curve
shows the excited bonding energy contour for momentum
(pF

b ,0)1(p,p,0). Similarly, Fig. 2~b! shows the antibonding
Fermi surface and the dotted curve is the excited energy
contour for momenta (pF

b ,0)1(p,p,p). In the normal state,
a momentum transferQ5(p,p,p) creates a hole on the
bonding ~antibonding! Fermi surface and scatters a particle
to an excited state of the antibonding~bonding! band as il-
lustrated in Fig. 2. For the band structure of Eq.~3!, the
energy difference

«pF1Q2«pF52umu ~5!

is independent ofpf and one has dynamic nesting14 which
gives rise in the normal state to the broad peak for

Q5(p,p,p) seen in Fig. 1~a!. Here nesting causes Rex0 to
increase giving rise to a resonance in Imx, Eq. ~1!. The
broadening of this peak is due to the damping associated
with Imx0 . Depending upon the parameters chosen, the nor-
mal state resonance can in fact become more pronounced.
The absence of nesting for the intraband transition
Q85(p,p,0) in the normal state gives rise to the over-
damped dashed curve in Fig. 1~a!.

In the superconducting state as a consequence of the
dx22y2 gap nodes, the interband excitation process shown in
Fig. 2 still occurs atv52umu giving rise to a resonance in
Imx(Q,v) for v.2umu. However, in the superconducting
state, the broadening of the resonance, determined by
Imx0(Q,v.2umu) is significantly reduced by the opening of
the gap as shown in Fig. 3. Furthermore, for adx22y2 gap,
Dp1Q52Dp and the coherence factor

1

2 S 12
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EpEp1Q
D ~6!

which enters the pair production term of Eq.~2! is finite.6,15

Thus the resonance peak forQ5(p,p,p) becomes much
stronger in the superconducting state as seen in Fig. 1~b!.
Also as seen in this figure, in the superconducting state a
weaker structure can appear in Imx(Q8,v) with
Q85(p,p,0). However, as noted this structure is further
smeared out if next-near-neighbor hopping terms are in-
cluded in«p . In Fig. 4 we have plotted the height of the peak
in Imx(Q,v) as a function ofT/Tc . In our calculation, the
intensity of the resonance increases rapidly as the supercon-
ducting gap is opened as a consequence of the drop in
Imx0 shown in Fig. 3. In calculations of the quasiparticle
damping 1/t due to spin-fluctuation scattering in a
dx22y2-wave superconductor, it is found that 1/t drops sig-
nificantly upon entering the superconducting state.16 The
quasiparticle damping rate obtained from microwave experi-
ments on YBa2Cu3O7 also shows a rapid drop in the super-

FIG. 1. Imx(Q,v) versusv for Q5(p,p,p) ~solid curve! and
Q85(p,p,0) ~dotted curve! for ~a! the normal state atT5Tc and
~b! the superconducting state atT5Tc/2. The scales in~a! and ~b!
are the same for comparison.

FIG. 2. ~a! Bonding ~left! and ~b! antibonding~right! equal en-
ergy contours. The solid lines bounding the shaded regions are the
bonding~left! and antibonding~right! Fermi surfaces, respectively.
The arrow labeledQ corresponds to a (p,p,p) momentum transfer
which dynamically nests the bonding Fermi surface with an excited
antibonding state shown by the dotted curve. Note that a momen-
tum transferQ85(p,p,0) fails to provide nesting.
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conducting state.17 A sudden drop in the quasiparticle scat-
tering rate can also contribute to the enhancement of the
resonance belowTc .

While in this article we have used a particular choice of
the band structure, the essential features that we find are
more a consequence of the RPA form, Eq.~1!, than of the
band structure. In fact, one can argue for the existence of a
peak at the gap edge of Imx in the superconducting state
simply from the RPA form

Imx~q,v!5
Imx0~q,v!

@12U Rex0~q,v!#21@U Imx0~q,v!#2
.

~7!

The recent neutron scattering data of Daiet al.4 indicate that
within the experimental resolution the spin-fluctuation spec-
tral weight atQ5(p,p,p) is suppressed for frequencies be-
low that of the resonance upon entering the superconducting
state. Within the RPA form, this will imply a suppression of
Imx0(Q,v) up to the gap edge, and an enhancement
Rex0(Q,v) at the gap edge through the Kramers-Kronig re-
lation. An enhancement of Rex0(Q,v) at the gap edge can
cause a resonance in Imx for an antiferromagnetically corre-
lated system. Hence it is possible to interpret the 41 meV
peak of the neutron scattering experiments as a particle-hole
resonance at the gap edge of an antiferromagnetically corre-
lateddx22y2-wave superconductor. The fact that experimen-
tally the resonance occurs at a momentum transfer of
(p,p,p) means that within the RPA framework the optimum
nesting occurs between the bonding and antibonding bands.

Our simple choice of the band structure gives this, as do the
local density approximation~LDA ! band structure results of
Ref. 13.

Thus we conclude that for adx22y2 gap and a bilayer band
structure of the type given by Eq.~3! one can understand the
occurrence of a resonance in the neutron spin-flip scattering
channel at a momentum transferQ5(p,p,p) which dra-
matically narrows and grows in the superconducting state.
The energy scale of the resonance implies that 2umu is of
order 40 meV and the corresponding bandwidth of the qua-
siparticle dispersion, Eq.~3!, used in calculatingx was of
order 0.5 eV. We believe that this reduced energy scale arises
from the strong Coulomb correlations which renormalize the
characteristic quasiparticle energy scale toJ and give rise to
the flatband behavior seen in angle-resolved photoemission
spectroscopy~ARPES! experiments18,19 and Monte Carlo
calculations.20 It corresponds to the excitation of an antifer-
romagnetic S51, Q5(p,p,p) resonance in a bilayer
dx22y2 superconductor with short range antiferromagnetic
correlations. These correlations are allowed by the nodes in
the dx22y2 gap and persist belowTc just as the transverse
NMR T2

21 relaxation rate persists21,22belowTc . They reflect
a particle-hole resonance which differs from the multiple
particle-particle scattering resonance recently proposed by
Demler and Zhang.23
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