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The Resonance Peak in Cuprate Superconductors
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We pursue the consequences of a theory in which the resonance peak observed in inelastic neutron
scattering experiments on underdoped and optimally doped YBa2Cu3O61x compounds arises from a
spin-wave excitation. We find that it is heavily damped in the normal state and only becomes visible
in the superconducting state due to the drastic decrease in spin damping. We show that a spin-fermion
model correctly describes the doping dependence of the peak position and of the integrated intensity.
Finally, we make several predictions concerning resonance peaks in other cuprate superconductors.
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Recent inelastic neutron scattering (INS) experimen
have shown that the sharp magnetic collective mo
(“resonance peak”), first observed in the supercondu
ing state of YBa2Cu3O7 [1], also exists in the under-
doped YBa2Cu3O61x compounds [2–7]. As the doping
decreasesvres, the peak frequency decreases [2–7], whi
both the peak width in frequency space and its integrat
intensity increase [4,5]. In the underdoped systems,
considerably broadened peak atvres is also observed in
the normal state [4,6]. Fonget al. also found thatvres
shifts to higher frequencies with decreasing temperatu
in the superconducting state of YBa2Cu3O7 [8].

These new results put tight restrictions on the theore
cal scenarios proposed after the discovery of the res
nance peak in YBa2Cu3O7; these ascribed the resonanc
peak to a final state interaction between the fermionic pa
ticles [9], band structure anomalies [10], interlayer tun
neling [11], a new collective mode in the particle-particl
channel [12], or a collective spin-wave mode brough
about by strong antiferromagnetic correlations [13]. I
particular, the observation thatvres decreases with de-
creasing doping, while the superconducting gapDSC is
approximately constant, as seen in angle-resolved ph
toemission spectroscopy (ARPES) [14] and tunneling e
periments [15] on Bi2212, contradicts scenarios in whic
vres ø 2DSC [9–11].

In this Letter we use the spin-fermion model to show
that the spin-wave scenario, perhaps uniquely, provid
a natural explanation for all above-cited experiment
results. The dispersion of the spin-wave mode is

v2
q ­ D2

sw 1 c2
swsq 2 Qd2, (1)

where Dsw is the spin-wave gap,csw is the spin-wave
velocity, and Q ­ sp, pd. At high temperatures, the
mode is strongly damped due to its coupling to plan
quasiparticles. In the superconducting state, where t
spin damping is minimal, the resonance peak shou
always be observable providedDsw , vc ø 2DSC [16].
For underdoped systems, at temperatures such that
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ARPES [14] experiment shows a leading edge gap
the quasiparticle spectrum, the spin damping present
higher temperatures is reduced sufficiently so that t
resonance mode becomes visible. For optimally dop
systems with no leading edge gap, the spin mode
overdamped and invisible. In contrast to the results
Refs. [9–11], the existence of the resonance peak isnot
related to the interlayer coupling, and should be observ
in single-layer compounds if the superconducting gap
large enough. We consider first the two-layer syste
YBa2Cu3O61x , for which the bonding and antibonding
tight-binding quasiparticle bands are given by

e6
k ­ 22tfcosskxd 1 cosskydg

2 4t0 cosskxd cosskyd 6 t' 2 m , (2)

where t, t0 are the hopping elements between in-plan
nearest and next-nearest neighbors, respectively,t' is the
hopping between nearest neighbors on different plan
andm is the chemical potential. In a spin-fermion mode
[17], the spin-wave propagator,x, is given by

x21 ­ x21
0 2 ReP 2 i Im P , (3)

wherex0 is the bare propagator, andP is the irreducible
particle-hole bubble.

Since the form of the bare propagator in Eq. (3)
model dependent, and thus somewhat arbitrary, we cho
a form for sx21

0 2 RePd which is the lowest order ex-
pansion in momentum and frequency of a hydrodynam
cal form of Rex21 [18] and can be shown to reproduc
the INS experiments in the normal state of the underdop
YBa2Cu3O61x compounds [7,19],

x21
0 2 ReP ­

1 1 j2sq 2 Qd2 2 v2yD2
sw

aj2 , (4)

wherej is the magnetic correlation length,Dsw ­ cswyj,
and a is an overall constant. We assume that th
form of Eq. (4) does not change in the superconducti
state. Although Daiet al. [3] recently found that, for
© 1998 The American Physical Society
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frequencies well below the resonance peak, the peaks
the spin fluctuation spectrum occur at incommensura
positions, which roughly scale with doping, we argue th
the use of the commensurate form, Eq. (4), is justifie
for the description of the resonance peak since (a)
resonance peak has been observed at incommensu
positions, (b) incommensurate structure and the res
nance peak are well separated in frequency, and (c)
use of a commensurate instead of an incommensur
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te
t
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form will influence only low-frequency results in th
normal state.

With these assumptions, we need calculate only
imaginary part ofP which describes the damping broug
about by the decay of a spin excitation into a particle-h
pair. In the odd channel, ImP includes only quasiparticle
excitations between the bonding and antibonding ban
In the superconducting state we find, to lowest order
the spin-fermion couplinggeff (for v . 0),
Im Podd ­
3pg2

eff

8
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where nF is the Fermi function, and E6
k ­q

se6
k d2 1 jDkj2 is the dispersion of the bonding

and antibonding bands in the superconducting sta
which we assume is described by thed-wave gap
Dk ­ DSCfcosskxd 2 cosskydgy2. The normal state
result for ImPodd is recovered withDSC ­ 0. We deter-
mine geff by requiring that ImPodd reproduces the spin
damping seen at low frequencies in NMR experimen
in the normal state of YBa2Cu3O61x [20] and assume
that geff does not change in the superconducting state.
was recently shown [21] that higher order self-energy a
vertex corrections lead only to minor changes in ImP,
which justifies our use of the lowest order process
Eq. (5).

We first discuss our results for YBa2Cu3O7, which
were obtained witht ­ 300 meV, t0 ­ 20.40t, t' ­
0.3t, m ­ 21.27t (which corresponds to a22% hole
concentration in the planes), andDSCsT ­ 0d ø 25 meV,
a value extracted from the tunneling experiments
Maggio-Aprileet al. [22]. In Fig. 1 we present our result
for Im Podd at Q ­ sp, pd as a function of frequency
for the normal (solid line) and superconducting stat
(dashed line). In the normal state the spin dampi
increases linearly with frequency, as is to be expect
[23]. The spin damping in the superconducting sta
is characterized by a steplike feature atvc ø 2DSC
which arises from the creation of a particle-particle pa
above the superconducting gap. AtT ­ 0, there are no
quasiparticle excitations belowvc, and the spin damping
vanishes. The step in ImP will then, via the Kramers-
Kronig relation, lead to a logarithmic divergence i
ReP. This is neglected in Eq. (4), since the inclusion o
fermion lifetime effects as found, e.g., in strong couplin
scenarios, eliminates the sharp step in ImP and the
divergence in ReP.

In Fig. 2 we present our results forx
00
odd at Q ­ sp, pd

as a function of frequency. In the normal state, the sp
excitations are overdamped;x 00 exhibits a flat maximum
te,

ts

It
nd

in

of

es
ng
ed
te

ir

n
f
g

in

at aboutv ­ 20 meV. In contrast, in the superconduct
ing state the spin damping is so strongly reduced that
spin-wave mode, which is now very sharp in frequenc
becomes visible atvres ­ Dsw , which we have chosen
to be 41 meV to reproduce the experimentally measure
peak. The resulting spin-wave velocity,csw ­ jDsw ø
90 meV is quite reasonable, sincecsw ­ 120 6 20 meV
in YBa2Cu3O6.5 and csw ­ 180 meV in the undoped
compound [7]. Our results can be easily understood us
Eq. (4), since the intensity atv ­ Dsw is given by

x 00
oddsQ, v ­ Dsw d ­ hIm PoddsQ, Dswdj21. (6)

If Dsw , vc, Im Podd in the superconducting state is
much smaller than in the normal state and, consequen
x

00
odd is strongly enhanced atv ­ Dsw . Our result is

robust against changes in the band parameters, in cont
to some scenarios [9–11].

In the inset in Fig. 2 we plotx 00
odd for fixed frequency

v ­ 41 meV along thes0, 0d to sp , pd direction. We
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FIG. 1. ImPodd at Q ­ sp , pd as a function of frequency
in the normal state (solid line) and the superconducting sta
(dashed line). Inset: Schematic doping dependence ofDsw and
2DSC.
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FIG. 2. x 00 at Q ­ sp , pd as a function of frequency in
the normal state (solid line) and the superconducting sta
(dashed line). Inset:x 00 for fixed frequencyv ­ 41 meV
alongqx ­ qy .

find that the resonance peak is sharp in momentum spa
in agreement with the experimental observations [3,8
The sharpness of the resonance peak in both mom
tum and frequency space can be easily understood fr
Eqs. (1) and (4). One expects to find a resonance pea
vq which follows the dispersion of the spin excitations
Eq. (1), as long asvq , 2DSC. Since in YBa2Cu3O7
Dsw ø 2DSC, the resonance peak is necessarily confin
in both momentum and frequency space. We will sho
below that this situation is different in the underdope
compounds. SinceDsw ø 2DSC for YBa2Cu3O7, we ex-
pect Dsw . 2DSC for the magnetically overdoped com
pounds (wherej , 2), and predict that no resonance pea
should be observed (see inset in Fig. 1).

Fong et al. [8] found that vres increases slightly be-
tween Tc and T ­ 10 K. Since Dsw ­ cswyj in our
model, their result implies thatj decreases over this tem
perature range, a finding consistent with the changes in
transverse relaxation rate,T21

2G , j, in the superconduct-
ing state of YBa2Cu3O7 measured by Millinget al. [24]
who report a decrease ofT21

2G by about 10% with decreas-
ing temperature. Put another way, in our model, the r
sults of Milling et al. require thatvres increase by some
10% belowTc.

The fact thatvres is determined by the spin gapDsw
explains the absence of the resonance peak in the e
channel of YBa2Cu3O61x. For YBa2Cu3O6.5, Bourges
et al. [7] found a spin gap,Deven

sw ­ 53 meV, in the
even channel which may be expected to be larger
YBa2Cu3O7. SinceDeven

sw . vc, the damping of the even
spin excitations aroundQ ­ sp, pd will not decrease
upon entering the superconducting state and no resona
peak is to be expected.

We consider next the resonance peak in the underdo
YBa2Cu3O61x compounds; our results are summarized
inset (a) of Fig. 3. Fonget al. found thatvres decreases
1088
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to vres ­ 25 meV in YBa2Cu3O6.5 while the integrated
intensity of the peak increases fromIint ø 1.1m

2
B in

YBa2Cu3O7 to Iint ø 2.6m
2
B in YBa2Cu3O6.5. In our

model, the doping dependence ofvres ­ Dsw ­ cswyj

is determined by changes incsw andj. From an analysis
of NMR [20] and INS experiments [19], we know tha
jsTcd increases fromø2.2 in YBa2Cu3O7 to ø6 in
YBa2Cu3O6.5. This change inj more than compensate
any increase ofcsw as the doping is reduced and s
brings about a decrease inDsw . Furthermore, Bourges
et al. [7] found a normal state spin gap in YBa2Cu3O6.5,
Dsw ø 23 meV [7], in agreement with the position o
the resonance peak in the superconducting state repo
by Fong et al. [4]. The integrated intensityIint of the
resonance peak in the limit ImPodd ø 1yaj2, i.e., for
small spin damping, is given byIint ­ aj2Dswpy4. For
YBa2Cu3O7, a ­ 15m

2
ByeV which yieldsIint ­ s2.3 6

0.4dm2
B. For YBa2Cu3O6.5, we find from our analysis

of INS data in the normal statea ø 9m
2
ByeV, and thus

Iint ­ s6.2 6 1.0dm2
B. Both values forIint are a factor

of 2 larger than the values measured experimentally
Keimeret al. [5]; however, the relative increase ofIint on
going from YBa2Cu3O7 to YBa2Cu3O6.5 is in quantitative
agreement with their results.

As 2DSC andDsw become well separated in the unde
doped compounds [14,15], we predict a resonance p
for momenta in a region aroundQ which is determined
by vq , vc [see inset (b) of Fig. 3]. In Fig. 3 we show
how the resonance peak shifts to higher frequencies w
one moves in momentum space fromQ ­ sp , pd to q ­
0.97sp , pd. Because of the limited momentum resolutio
of INS experiments, we do not expect that these peaks
be resolved; this implies that one should observe only o
broad peak which extends fromDsw up tovc. This broad-
ening of the peak width is just what is observed by Fo
et al. [4] in YBa2Cu3O6.5 and YBa2Cu3O6.7.
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FIG. 3. The resonance peak for momenta in the vicinity
Q ­ sp, pd. Inset (a): The doping dependence ofvres (in
meV, dashed line) andIint (in m

2
B, solid line). Inset (b): Spin

excitation spectrum andvc alongqx ­ qy .
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For the underdoped compounds, two groups found
precursor of the resonance peak in the normal state be
Tp ø 200 K, in the so-called strong pseudogap regio
[4,7]. At the same time, ARPES experiments foun
that, belowTp, the low-frequency spectral weight of the
“hot” fermionic quasiparticles arounds0, pd is suppressed
(the “leading-edge gap”) [14], which immediately lead
to a decrease of the spin damping atQ ­ sp , pd and
an enhancement ofx 00

odd. Our model thus predicts an
enhancement ofx 00

odd around vres in the normal state
of those superconductors for which a leading-edge g
occurs belowTp.

It follows from the above analysis that a resonance pe
should occur in all cuprate superconductors for whi
the condition Dsw , 2DSC is satisfied. This implies
that the resonance peak isnot directly related to the
bilayer structure of YBa2Cu3O61x . In La22xSrxCuO4,
whereDSC ø 9 meV andDsw . 25 meV [25], the above
condition is not satisfied and, consequently, no resona
peak is to be expected. On the other hand, for t
single-layer material HgBa2CuO41d with an optimum
Tc ­ 95 K, we expect DSC to be comparable to that
found in YBa2Cu3O7, so that it is a good candidate fo
the observation of a resonance peak.

Our model also provides a natural explanation f
the results of recent INS experiments on Zn-dop
YBa2Cu3O6.97 [26]. A Zn concentration of2% which
suppressesTc to 69 K completely destroys the resonanc
peak in the superconducting state, and generates a sig
cant amount of spectral weight inx 00 at low frequencies.
Since Dsw ø 2DSC in this material, to the extent tha
Dsw is not markedly influenced by Zn, a quite mode
Zn-induced decrease inDSC will render the resonance
unobservable in the superconducting state. For the und
doped compounds, on the other hand, sinceDsw and2DSC
are more clearly separated, a larger amount of Zn wo
be required to suppress the resonance. The appear
of low-frequency spectral weight inx 00 shows that a
considerable spin damping persists in the superconduc
state, as might be expected from Zn-induced changes
the low-frequency spectral weight in the single-partic
spectrum.

In summary, we have shown that a spin-wave mod
provides a natural explanation for the doping and te
perature dependence of the existing INS experiments
the appearance of a resonance peak in the supercond
ing state and of a resonance feature in the normal stat
underdoped systems. We proposed necessary condit
for the observation of the peaks and resonance featu
and so explain the failure to observe either of them
La22xSrxCuO4. We argue that the occurrence of the res
nance peak is not directly related to the bilayer structu
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of YBa2Cu3O61x, and predict that it should also be ob
servable in single-layer cuprates with a sufficiently lar
superconducting gap.
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