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We argue that recently measured downward dispersion of the neutron resonance peak in cuprate supercon-
ductors is naturally explained if the resonance is viewed as a spin-1 collective mod&viimee supercon-
ductor. The reduction of the resonant frequency away from the antiferromagnetic wave vector is a direct
consequence of the momentum dependence al-thave superconducting gap. When the magnetic correlation
length becomes large, the dispersion should become magnonlike, i.e., curve upwards from (
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Superconductivity and antiferromagnetism are two majottotal spin 1*~1° The bound state is seen as a resonance in
phases of the high; cuprates. When viewed separately, thespin response. The gross features of the neutron resonance,
corresponding ground states appear to be quite conventionatch as a nonmonotonic variation 9, with doping and
the parent compounds of highs cuprategsuch as LaCuQ, persistence of the resonance in the pseudogap phase can be
(Ref. 1)] are exemplary Heisenberg antiferromagnets, whileunderstood if the resonance peak is viewed as a collective
overdoped cuprates, in many respects, resemble BCSdtype mode:* 11718 _ _ _
wave superconductofsHowever, full understanding of the ~ The frequency of the collective mode is proportional to
interplay between the two phenomena is sorely lacking. Alhe static part of the inverse spin susceptibilitg ¢

2\1/2
though most experts agree that antiferromagnetism is the uft |4~ Q|*)™* and hence formally resembles that of a mag-
timate cause of higf, superconductivity, the intermediate nonin a disordered antiferromagnet. However, the velarity
is not constant but depends rather strongly on the wave vec-
steps are not yet clear.

. o .. _torg. This dependence can be understood by noting that the
Perhaps the strongest experimental indication of the intefgq ,nq state necessarily resides below the two-particle con-

play between antiferromagnetism and superconductivity iR, um [Fig. 1(c)]. For q along a zone diagonal, the con-

cuprates is the discovery of strong inelastic neutron scattefinuum starts ate,,(q)=|A(K)|+|A(k+q)|, where both

ing deep in the superconductit§C) phase of materials with  ,omentak andk+q are at the Fermi surface, Fig(th. As

the highestT;. The most intense scattering &t<T. has q moves away from 4, ), k andk+q shift along the Fermi

been detected in YBC(Ref. 4 and Bi2212(Ref. § near the g, 1face towards the nodal points and the bound state inside

antiferromagnetidAF) wave vectorq=Q=(w, ) and en-  he gap is pushed to lower energies. fer g, connecting

ergy (1o~40 meV. Experiments conducted with polarized ihe “nodal points, the two-particle spectrum is gapless,

neutron§ indicate that the resonant scattering is due to elece,;,(qo) =0, so that the energy of the resonance must vanish

tron spins. (along with its strength Obviously then(}, should decrease
It is tempting to interpret the resonance as a magnon in away from ¢, ), at least neag,.

disordered Nel state, which becomes more visible in a su- The above qualitative argument is quite robust and is
perconductor. However, a magnon ffequefﬁﬁ= ci(¢£? based on two premises onl{i) the Fermi surface contains
+]9-Q|?) =03+ c?q—Q|? wherec is a spin-wave veloc-

ity, increasesaway from the AF wave vecto®= (7, ).’
Meanwhile, recent experiments on YBC®efs. 8 and 9
have revealed the opposite trend: the resonance emergy
creasesaway from (@r,7) [see Fig. 1a)]. In a disordered
antiferromagnet, this can only be the case if spin response in

the normal state is incommensurdfeHowever, the data

suggestthat, unlike in 214 materiafs, the normal-state spin o o - - " =
response in YBCO is commensurate. @ AT @

On sec_ond_thought,_ Fhe best superc_onductors of the cu- FIG. 1. (&) A sketch of the resonance dispersion: experimental
prate family differ significantly from their parent AF com- (gojiq Jing), a massive magnon in the disordereceNetate(dashed
pounds. They have a large, Luttinger-like Fermi surface injne). (b) Approximate shape of the Fermi surface in Bi2212. Solid
the normal state, and fermionic quasiparticles in the SC stat@lots are nodal points, where the fermions are gapless. The con-
as shown by angle-resolved photoemission spectroscopihuum of two-particle excitations at the corresponding wave vector
(ARPES.'? Several authors have demonstrated that in thigy,= (7+ 6,7+ 8) (dashed arrolstarts at zero frequency. For lat-
situation, an attractive exchange force in thevave super- tice momentunQ=(m,) (solid arrow the continuum starts at a
conducting state binds an electron and a hole into a pair witfinite energy.(c) Spin susceptibility at the wave vectorr ().

Fermi surface

—Imy(w)

commensurate
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hot spots(i.e., points connected by the AF wave vec@y by calculating the imaginary part of the particle-hole bubble.

and(ii) the superconducting gap has the > symmetry. A At the antiferromagnetic momentumyq=2g/(mv,v,),
more quantitative description of the resonance requires f“r\ivhere5= 9%y, is the effective spin-fermion coupling, and

ther assumptions. Most calculations of a spin response in F= - . .
) _ =(vy, is a Fermi velocity at the hot s , whose
d-wave superconductor start with a model of free fermions (vy.0y) y P8 ~

on a square lattice, add an exchange interaction and empl&Pmponents are defined ag=uvykytoyky, €xio=—viks
the random-phase approximatid®PA) to compute spin  TuyKy, Wher§k=k—khs-15 At g=(qo which connects the
susceptibility'>1416-19These calculations do yield a down- r?odes,vy vanlghes and, formally diverges. We have veri-
ward dispersion of the resonance under favorabidied that at this momentunil(go, Q)= Q. In betweenQ
circumstance&®~° Unfortunately, such calculations must be @nd o, the behavior ofy, is somewhat involved: it first
done numerically providing somewhat limited insight. Heredrops at the lowest frequencies due to a reduction in the
we present an alternative, analytical approach to the protpumber of the scattering channels from 8 t(lis is because
lem. It is based on the observation that the behavior of &i @hd 2m—q; are no longer identical points, and then slowly
collective mode is determined largely by low-energy fermionincreases on approachirg. The finite drop inyq is irrel-
degrees of freedom and is therefore insensitive to the physicvant for our consideration, and for simplicity we just as-
at high energies. sume below that for each, there are two “hot spots’k

Our point of departure is a macroscopic spin-fermion= Kks(d) in the Brillouin zone, which account for the bosonic
model that describes low-energy fermionic quasiparticleglamping at the lowest frequencies.

(with a Fermi surface inferred from ARPEBiteracting with Equations(1) and(2) imply that in the normal state
collective spin fluctuation® This model is viewed as a low- B
energy version of lattice, Hubbard-type models and is de- Im x(q,Q)=x/[(1+g%£%)2+x?], ©)

scribed by the effective actiéhwhich involves a bare fer-

mion propagatmGgl(k,w)zw—vk- (k—kg), a bare spin  wherex=Q/y&2, andg=q— Q. We see that spin response is

susceptibility xo(g,Q2) which is produced by high-energy (a) incoherent: no sharp peak j'(q,(}) as a function of

fermions and is an input for low-energy theory and a spinfrequency() and (b) commensuratey”(q,{2) is peaked at

fermion couplingg. We assume that nothing special happensg=Q for a fixed (). Both results are in agreement with the

at high frequencies in which cagg(qg,Q) has an Ornstein- datal’

Zernike form: xo(q,Q) = xo/[£ >+ (q—Q)2—Q?/v2]. In a d-wave superconducting state, the bosonic self-
Previous studies of the model have focused on renormaknergy is modified by the opening of a superconducting gap.

ization of the fermionic dispersion by spin-fermion interac- Assembling the contributions from normal and anomalous

tion, and on the form of the fulf(Q,).X° Here we consider bubbles, we obtain

the dynamical susceptibility a# Q. To avoid unnecessary

complications, we restrict calculations to momenta along the ivq w(w+Q)—A§

zone diagonalg=(q,q). We also neglect strong coupling I1(q,Q)=—1] | 1— > - dw.
effects, assuming for simplicity that superconductivity is de- 2 \/[wz—Aq][(wJFQ)Z—Aq]

scribed by ad-wave version of the BCS theory. We have 4

verified that strong-coupling effectavhich modify fermi-
onic propagator at low energiegesult in quantitative, but
not qualitative changes.

The full dynamical susceptibilityy(q,€2) differs from
x0(9,Q) due to a bosonic self-enerdy(q,Q):

Here A, is the fermion gap at one of the two hot spots
connected byg, i.e., Aq=A(k=Kkng(q)). By virtue of the
dy2_,2 symmetry,A(kp(q))=—A(Khs(d) +0), a condition
we used in deriving Eq4).
In the presence of a superconducting gap withdiveave
x(0,Q)=xo/[£ 2+ (q9—Q)>-Q%/v2-TI(q,Q)]. (1) Symmetry, IrriT(q,Q) vanishes discontinuou§ly foQ
_ o <2|A|.1#117=19By virtue of the Kramers-Kronig relation,
The static part ofl1(q,(2) (the contribution of the low- thjs discontinuity generates a nonzero IR@, Q) that is
energy fermions to the inverse correlation lengtl¥) 1is quadratic inQ at low frequenciesn(qlﬂ)quQZ/Aq_ Itis
small and, in fact, vanishes for linearized fermion dispersiong|so essential that for arty, I1(g,0)=0: the opening of the
On the other hand, the frequency-dependent H4d,(2) is  d-wave gap does not change the magnetic correlation length.
SubStantially nonzero in the normal state. This is related tq’h|s result is not entire|y Surprising: Spin_mediamdvave
the fact that, for a Fermi surface with hot sptds in YBCO  pairing involves only fermions from opposite sublattices and
and Bi2212 a low-frequency spin excitation with momen- thys does not affect the correlation of spin within the same
tum g~ Q can decay into two fermions at the Fermi surfacegyplattice.

(Fig. 1. This gives rise to a universal relaxational term in SubstitutingII(q,Q) into Eq. (1) we obtain
11(q,Q):

T1(q,2)~i ImT1(q,2) =[] vq. @) xX(0,Q)=cgf[cg(672+0%) —02], ci=A¢/ v, (9)

At small frequencieslI(q,Q)=|Q| is much larger than the We see that in @-wave superconductor the low-energy spin
bare ©(Q?) in the susceptibility. It thus fully determines excitations are propagating, gapped magnonlike modes with
spin dynamics at low energies. The prefacjgris obtained the dispersion
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ot 474, 7=%o/(1-0%,) along zone diagonal
o B n
Fo(w,q) along zone diagonal 2or 530'93" | FIG. 2. Left: real and imaginary parts of the
o | A=35 meV “Nd 100 ! numerically evaluated particle-hole bubble in a
‘ i ~
i d-wave superconductoryy(q,w), at variousq
80 =(q,q), using a tight-binding fermion dispersion
inferred from ARPES. The low-frequency fea-
60 r tures of yo(0,®) are in agreement with our
20 | analytical results. Right: imaginary part of the
corresponding full dynamical susceptibility,
20 | Imy(€Q,q). Observe that the resonance moves to
lower frequencies wheq+# Q= (1, ).
0 1 1
0 20 40 o (meV)
5 o L : . .
Qg=ci(£ 2+|g—Ql?). (6)  Which is a true low-energy featur@vhich we considered

analytically, and the other two rapidly move to high ener-
Two comments are in order before we analyze this disgies and become sensitive to the details of the fermion dis-
persion. First, Eqs(5)—(6) are meaningful only ifc,¢*  Persioneg far from the Fermi surface.

<|A4|. Otherwise the use of a quadratic form 1d(q,(2) is of Vr;/gr;]gml?rgaéyz\?vfucl(? bg %gnasr:gg’tq E\"\:]hdirev'yodjgegse;t
not justified. Strictly speaking, near=Q, cq§‘1<Aq only 4 q

a suficieny strong couplng, hen feion sélfenergy SINeTLONS) Tagnke deperson n he stuaton, e
cannot be neglected. On the other hand, a quadratic freP y

; at()>QOg=cp/é. However, in ad-wave superconductod
quency dependence of REQ,()) at low Q is merely a Q~Q7 S . q
consequence of a vanishing Ti(qg,Q) for Q<2[A], decreases ang, increases whem deviates fromQ. This

where at strong couplings, should be understood as the effect accounts for the downward shift 6f,. Furthermore,

measured gagi.e., a frequency where the spectral function as Cq vanishes alq—fqo, the resonance frequen@q—>0
has aéd-functional peak We have explicitly verified that regardless of the spin correlation lengihQuite generally,

inclusion of strong coupling corrections into E@l) only nearqo, Imy(q.Q) should have a peak at a frequen@y,
changes the overall factor in the resonance frequency. Do . . .

Second, to verify that our analytical approach based on a This dispersion neaf=Q Is mare comphcated a.nd'de—
linearized fermion dispersion aroukg{q) captures the es- pends on the values of and go. To obtain a qualitative

sential features of the spin susceptibility, we present in Fig. 2ICture. we exploit the fact that, vanishes aq=q02ind
numerical results for the bare particle-hole susceptibility2PProximate the momentum dependencecgfas cg~1

X0(9,2) and its RPA counterpark(q,Q)=xo(q,Q)/[1 —(q/ao).2 whereq=|q— Q|. Substituting this form into Eq.
—Jx0(,Q)]. Both are calculated for éy2_,2 BCS super- (6), we find

conductor with a tight-binding dispersio#, inferred from R T R RV PP
ARPES datd® We expect that, at low enough, T1(g,Q) 02¢/Qq =1-(a/do)T1~(Ao€)"] = (a/do)(do€)". (7)

matchesyo(d,(2), modulo a regular function af. Similarly, e see that wheg,é is small, the dispersion is negative for

x(a,€2) should agree, at low frequencies, wida,Q). We 4l momenta. Wheroé is large, it first goes up, and then
see in Fig. 2 that Inyy(q,Q2)=0 for Q<2|Aq| and has a drops. In both cases, the residue of the peak in(Egscales

finite jump at 24,, while Rexo(q,Q) is quadratic inQ at ~ asCq, i.e., it decreases and eventually vanishesyaap-
low frequencies, in agreement with what we obtained forProachesyo.

11(q,Q). The peaks in Rgo(q,Q) at 2A, are logarithmic  _ In Fig. 3 we plot(}, (7) and the intensity of the peak for
singularities associated with the  discontinuity of 9oé=2. This value is consistent with optimally dgzped
ImYo(2A ) 11547-1° They are softened because we usedBi2212 where|qo|~0.37/a (Ref. 21, while ¢&=a—2a.

complex frequencies with a small imaginary part. These sini’q in EQ. (7) is rather flat neaQ and rapidly drops away
gularities are indeed presentlif(g,(2). A strong peak in the from Q. The residue of the peak at the downturn is already

L~ . much smaller than its value gt Q. Both features are con-
RPA susceptibility xy(q,€) is the resonance located at 1 sistent with the datd.

=J Rze)(o(q,ﬂ)é This expression corresponds 16(q,{2) For comparison, we also present in Fig. 3 the dispersion
=¢ “+(a—Q)" in our analytical approach. We have also and intensity of the collective mode obtained in the RPA
verified that the static susceptibilify(g,0) does not change calculation, Fig. 2. It exhibits qualitatively similar behavior
between normal and superconducting steies, £ is not  which we interpret as evidence that the dispersion of the
renormalizegl High frequency features in Fig. 2 are due to peak is insensitive to the details of the fermion dispersion at
the reduction in the number of scattering channels at théigh energies. Note also that our estimate of the wave vector
lowest frequencies @+ Q. Forq,=qy, this reduction splits at which the energy and intensity of the neutron peak van-
the 2A singularity atq=Q into three singularities one of ishes,qy=~(0.87,0.87), is roughly consistent with the cor-
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~collective mode
continuum boundary - - --

interpreted as a collective spin excitation im-avave super-
conductor. The unusual dispersion of the peak is related to a
04 r variation of the superconducting gap along the Fermi sur-
08T face. We have argued that the resonant frequency vanishes at
a certaing= (g that connects nodal points of the Fermi sur-
face. Close to the commensurate wave ve@er(, ), the
dispersion depends on the spin correlation length: If the latter
is small, |go—Q|é<1, the resonance frequend®, de-
creases wittig— Q|. Conversely, whefigy—Q|£>1, Q4 in-
creases away fror®, reminiscent of a magnon dispersion in
a disordered antiferromagnet.

As we already said, the negative dispersion of the reso-

FIG. 3. Location and intensity of the resonance peak obtainethance peak has been earlier detected numerically in RPA
from Fig. 2 (left) and from Eqs(5) and(7) (right). studies for Hubbard arid-J modelst®~'°References 18 and

19 interpreted this dispersion as a consequence al-thave

responding value found in neutron scatteriges; (7,0.87).  symmetry of the gap. Our analytical results are complemen-
Recall that, to simplify the analysis, we have only consideredary to Refs. 18 and 19. In Ref. 17, however, the negative
momenta along the zone diagonal. ~ dispersion was argued to be the consequence of a closeness

Finally, we argue that with underdopingeé increases to a Van-Hove singularitysimilar scenario was also consid-
such that eventuallf) , should first increase with and then  ered in Ref. 28 We believe that the observed rapid drop of
drop very neam=gqo. This simply implies that at smafj,  intensity away from {r,7) and the fact that the measured
the resonance continuously evolves into the magnon of &sonance frequency disappears at a momentum close to the
disordered antiferromagnet. Still, however, the drop rmgar 0ne which connects nodal points at the Fermi surface argue
should persist in the pseudogap phase and only disappet favor of a “d-wave” explanation.
when the system develops a true long-range antiferromag- We acknowledge useful conversations with Ar. Abanov,
netic order. It would be of interest to verify experimentally J. C. Campuzano, P. Dai, M. R. Norman, and S. Sachdev.
whether such evolution takes place. The research was supported in part by the NSF Grant No.

To summarize, we have demonstrated that the experimem™MR-9979749 and the US DOE Grant Nos. W-31-109-
tally observed downturn of the resonant frequénayway ENG-38 and DE-FG02-90ER40542. A.Ch. and O.T. thank
from (7, 7), accompanied by a rapid decrease of the peakhe Materials Science Division of Argonne National Labora-
intensity, occurs rather naturally when the resonance peak tery for hospitality during their stay at Argonne.
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