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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,GB&s., 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.
[S0031-9007(98)06740-4]

PACS numbers: 74.20.Mn, 74.25.Ha, 74.25.Jb

Recent inelastic neutron scattering (INS) experimentARPES [14] experiment shows a leading edge gap in
have shown that the sharp magnetic collective modéhe quasiparticle spectrum, the spin damping present at
(“resonance peak”), first observed in the superconductiigher temperatures is reduced sufficiently so that the
ing state of YBaCwO; [1], also exists in the under- resonance mode becomes visible. For optimally doped
doped YBaCu;Og+, compounds [2—7]. As the doping systems with no leading edge gap, the spin mode is
decreases ., the peak frequency decreases [2—7], whileoverdamped and invisible. In contrast to the results of
both the peak width in frequency space and its integrate®efs. [9—11], the existence of the resonance peatots
intensity increase [4,5]. In the underdoped systems, &lated to the interlayer coupling, and should be observed
considerably broadened peak @f.s is also observed in in single-layer compounds if the superconducting gap is
the normal state [4,6]. Fongt al. also found thatw,. large enough. We consider first the two-layer system
shifts to higher frequencies with decreasing temperatur&¥Ba,Cu;Og+,, for which the bonding and antibonding

in the superconducting state of YBau;O; [8]. tight-binding quasiparticle bands are given by
These new results put tight restrictions on the theoreti- .
cal scenarios proposed after the discovery of the reso- e, = —2i[codky) + cogk,)]

nance peak in YB&wO;; these ascribed the resonance Al _
peak to a final state interaction between the fermionic par- 41 cosh) codhy) = 11 = g, (2)
ticles [9], band structure anomalies [10], interlayer tun-wherez,¢" are the hopping elements between in-plane-
neling [11], a new collective mode in the particle-particle nearest and next-nearest neighbors, respectivelis the
channel [12], or a collective spin-wave mode broughthopping between nearest neighbors on different planes,
about by strong antiferromagnetic correlations [13]. Inand u is the chemical potential. In a spin-fermion model
particular, the observation thai,, decreases with de- [17], the spin-wave propagatay,, is given by

creasing doping, while the superconducting geg@ is _ _ )

approximately constant, as seen in angle-resolved pho- x"'=xo' —Rell —ilmlI, ©)
toemission spectroscopy (ARPES) [14] and tunneling exwhere yq is the bare propagator, add is the irreducible
periments [15] on Bi2212, contradicts scenarios in whichparticle-hole bubble.

Wres = 2Agc [9-11]. Since the form of the bare propagator in Eq. (3) is
In this Letter we use the spin-fermion model to showmodel dependent, and thus somewhat arbitrary, we choose
that the spin-wave scenario, perhaps uniquely, providea form for (y, ' — Rell) which is the lowest order ex-
a natural explanation for all above-cited experimentabansion in momentum and frequency of a hydrodynami-
results. The dispersion of the spin-wave mode is cal form of Rey ! [18] and can be shown to reproduce
the INS experiments in the normal state of the underdoped
“’3 = A + clula - QP 1) YBa,Cw; O, compounds [7,19],

where Ag,, is the spin-wave gapesy iS the spin-wave 2 A2 2 A2
velocity, and Q = (7, 7). At high temperatures, the Xo ! — Rell = 1+¢(q Q)2 i /ASW, (4)
mode is strongly damped due to its coupling to planar ag

guasiparticles. In the superconducting state, where thehere¢ is the magnetic correlation length,y, = cow/€,
spin damping is minimal, the resonance peak shouldnd « is an overall constant. We assume that the
always be observable providek,, < w. = 2Asc [16].  form of Eq. (4) does not change in the superconducting
For underdoped systems, at temperatures such that tlseate. Although Daiet al. [3] recently found that, for
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frequencies well below the resonance peak, the peaks form will influence only low-frequency results in the
the spin fluctuation spectrum occur at incommensurateormal state.

positions, which roughly scale with doping, we argue that With these assumptions, we need calculate only the
the use of the commensurate form, Eq. (4), is justifiedmaginary part ofll which describes the damping brought
for the description of the resonance peak since (a) nabout by the decay of a spin excitation into a particle-hole
resonance peak has been observed at incommensurgir. Inthe odd channel, Il includes only quasiparticle
positions, (b) incommensurate structure and the rescexcitations between the bonding and antibonding bands.
nance peak are well separated in frequency, and (c) the the superconducting state we find, to lowest order in
use of a commensurate instead of an incommensu[athe spin-fermion coupling.s (for w > 0),

+ —
€k+q€k T Ak+qAk
+ —
Ex+qEx

37 5 _ _
Imloqq = % D1 - np(Eg.q) — nr(Eg )]|:1 - :|6(w — Ex — Exiq)
K

+ p—
€k+q€k T Ax+qAk

E+qEx

}{6@ + Ey — Epyg) — 8(0 — Ey + El )
5)

+ [ne(Ey) — nF<E.;q>][1 ¥

where ny is the Fermi function, and E;x = ! at aboutw = 20 meV. In contrast, in the superconduct-
(ei)? + |Axl? is the dispersion of the bonding ing state the spin damping is so strongly reduced that the

and antibonding bands in the superconducting statéPin-wave mode, which is now very sharp in frequency,
which we assume is described by thewave gap Decomes visible ab.s = A, which we have chosen
Ay = Agc[cogk,) — codk,)]/2. The normal state to be41 meV to reproduce the experimentally measured
result for ImI1,uq is recovered withAgc = 0. We deter- Peak. The resulting spin-wave velocityyw = §Ag =
mine gerr by requiring that ImT,qq reproduces the spin 90 MeV is quite reasonable, sineg, = 120 + 20 meV
damping seen at low frequencies in NMR experimentd" YB&CWOss and ci, = 180 meV in the undoped
in the normal state of YB&u;Ogs, [20] and assume compound [7]. Our results can be easily understood using
that gery does not change in the superconducting state. IE9- (4), since the intensity ai = A, is given by

was recently shown [21] that higher order self-energy and XaQ, 0 = Agy) = {IM,0a(Q, Agy)} ', (B)
vertex corrections lead only to minor changes inlim

which justifies our use of the lowest order process inhc A < o, ImH‘?dd in the superconducting state is
much smaller than in the normal state and, consequently,

Eq. (5). , : "4 is strongly enhanced ab = A Our result is
We first discuss our results for YB@u;O;, which ~ Avdd ongly X swr )
were obtained withr = 300 meV, ¢/ = —040¢, 1, = robust against changes in the band parameters, in contrast

to some scenarios [9—11].
In the inset in Fig. 2 we ploj.qq for fixed frequency
= 41 meV along the(0,0) to (7, ) direction. We

0.37, uw = —1.27t (which corresponds to 82% hole
concentration in the planes), addc (T = 0) = 25 meV,
a value extracted from the tunneling experiments of*
Maggio-Aprileet al. [22]. In Fig. 1 we present our result
for ImIl,qq at Q = (ar, ) as a function of frequency
for the normal (solid line) and superconducting states
(dashed line). In the normal state the spin damping
increases linearly with frequency, as is to be expected
[23]. The spin damping in the superconducting state
is characterized by a steplike feature at = 2Agc
which arises from the creation of a particle-particle pair
above the superconducting gap. At= 0, there are no
quasiparticle excitations below,., and the spin damping
vanishes. The step in I will then, via the Kramers-
Kronig relation, lead to a logarithmic divergence in
Rell. This is neglected in Eq. (4), since the inclusion of 0.0000 ‘
fermion lifetime effects as found, e.g., in strong coupling 00 100 200 300 400 500 600 700
scenarios, eliminates the sharp step inllmand the w (meV)

divergence in Rél. B .
In Eig. 2 we present our results fQ’é/ atQ = (7. ) FIG. 1. Imlle at Q = (7, 7) as a function of frequency
g. 2 P dd ’ .in the normal state (solid line) and the superconducting state
as a function of frequency. In the normal state, the spifidashed line). Inset: Schematic doping dependence,pfind
excitations are overdampeg;’ exhibits a flat maximum 2Agc.
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8000 t0 wres = 25 meV in YBaCuw;Og s while the integrated
intensity of the peak increases froty,, ~ 1.1u% in
| YBa,Cls0; 0 Iini = 2.6u% in YBaCwOgs. In our
I . model, the doping dependence @f.; = Agw = csw/&
h is determined by changes i, and¢. From an analysis
| of NMR [20] and INS experiments [19], we know that
| ‘| &(T,) increases from=2.2 in YBa,CwO; to =6 in
Iy YBa,Cu;045. This change iné more than compensates
—— T=100K ,' \ any increase ofcy, as the doping is reduced and so
| ]
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2000 = —- T=20K brings about a decrease ik,. Furthermore, Bourges
et al. [7] found a normal state spin gap in YBawsOq s,
Agw = 23 meV [7], in agreement with the position of

X" 0aa(Q,) (K

/
/

0.0 / | =

e o0 200 300 460 560 600 70.0 the resonance peak in the superconducting state reported
w (meV) by Fongetal.[4]. The integrated intensity;, of the

resonance peak in the limit lfl,qq < 1/a &2, i.e., for
FIG. 2. x” at Q = (7, 7) as a function of frequency in small spin damping, is given b, = a&%Ag, /4. For
the normal state (solid Iine)_and the superconducting stat¢ Ba, Cu; 07, o = 15#%/(3\/ which yields i, = (2.3 +
(dashed line). Insety” for fixed frequencyw = 41 meV 0.4),&%' For YBaCu;Oqs, we find from our analysis
alongq. = gy of INS data in the normal state ~ 9u%/eV, and thus

it = (6.2 = 1.0),u12g. Both values forl;,, are a factor
find that the resonance peak is sharp in momentum spacgf 2 larger than the values measured experimentally by
in agreement with the experimental observations [3,8]Keimeret al. [5]; however, the relative increase ff; on
The sharpness of the resonance peak in both momegoing from YBaCu;O5 to YBaCu;Og 5 is in quantitative
tum and frequency space can be easily understood fromgreement with their results.
Egs. (1) and (4). One expects to find a resonance peak atAs 2A¢- and A, become well separated in the under-
w, Which follows the dispersion of the spin excitations, doped compounds [14,15], we predict a resonance peak
Eq. (1), as long as», < 2Asc. Since in YBaCwO;  for momenta in a region aroun@ which is determined
Agw = 2Asc, the resonance peak is necessarily confinethy w, < w, [see inset (b) of Fig. 3]. In Fig. 3 we show
in both momentum and frequency space. We will showhow the resonance peak shifts to higher frequencies when
below that this situation is different in the underdopedone moves in momentum space fr@n= (7, 7) toq =
compounds. Sincag, =~ 2Agsc for YBa,CwsO7, we ex-  (0.97(sr, 7r). Because of the limited momentum resolution
pect Ay > 2Agc for the magnetically overdoped com- of INS experiments, we do not expect that these peaks can
pounds (wherg < 2), and predict that no resonance peakpe resolved:; this implies that one should observe only one
should be observed (see inset in Fig. 1). broad peak which extends from,, up tow.. This broad-

Fong et al. [8] found that w.s increases slightly be- ening of the peak width is just what is observed by Fong

tween 7. and 7 = 10 K. Since Ay, = csw/€ in OUr et al.[4] in YBa,Cu;Og5s and YBaCu;Og 7.
model, their result implies that decreases over this tem-

perature range, a finding consistent with the changes in the

transverse relaxation rat€;; ~ £, in the superconduct- 20000
ing state of YBaCu;O; measured by Millinget al. [24] _ o=(mnm P
who report a decrease @%; by about 10% with decreas- % a0l N\ OO0 N B
ing temperature. Put another way, in our model, the re- =, . l B ="
sults of Milling et al. require thatw.; increase by some = 3000.0L I': ) 50 |
lo% be|OWT¢ '| n oy 0.0 YBa,Cu30g5 YBa,CuzOy

—_
The fact thatw.s is determined by the spin gaps, ?1 1
explains the absence of the resonance peak in the even I 20000¢ ah
3
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channel of YBaCu;Og+,. For YBaCuw;Ogs, Bourges
etal.[7] found a spin gap,A$*" = 53 meV, in the
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even channel which may be expected to be larger in k. 'y' \ L
YBa,Cw;O;. SinceAS™™ > w., the damping of the even 00 2 I B helu)

spin excitations around) = (7, 7) will not decrease 100 200 300 400 500 60.0 70.0 80.0 90.0
upon entering the superconducting state and no resonance w (meV)

peak is to be expected. . FIG. 3. The resonance peak for momenta in the vicinity of
We consider next the resonance peak in the underdopg§l — (7). Inset (a): The doping dependence @f.. (in

YBa,Cu;Og+, compounds; our results are summarized inmev, dashed line) andl,. (in x3, solid line). Inset (b): Spin
inset (a) of Fig. 3. Fongt al. found thatw,.; decreases excitation spectrum ana, alongg, = g,.
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For the underdoped compounds, two groups found af YBa,Cw;Og+,, and predict that it should also be ob-
precursor of the resonance peak in the normal state belogervable in single-layer cuprates with a sufficiently large
T. = 200 K, in the so-called strong pseudogap regionsuperconducting gap.
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