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Slave Boson Approach to Neutron Scattering irfYBa;Cu30O¢4, Superconductors
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The evolution of the so-called “41 meV resonance” in the magnetic response of YBCO cuprates
is studied with slave boson theory for the’-J model. The resonance appears as a collective spin
fluctuation in thed-wave superconducting (SC) state. It is undamped at optimal doping due to a
threshold in the excitation energies of particle-hole pairs with relative wave veeter). When hole
filling is reduced, the resonance moves to lower energies and broadens. Below the resonance energy we
find a crossover to an incommensurate response in agreement with a recent experimerni@m @8a
We show that dynamic nesting in tldewave SC state causes this effect. [S0031-9007(99)08857-2]

PACS numbers: 71.10.Fd, 74.25.Ha, 74.72.Bk, 75.20.Hr

One of the puzzling phenomena in copper-oxide supereratorsc;, = b:rf,-g, S, = %Z(W, f,T,,a-W’f,-,,, are repre-
conductors is the so-called “41 meV resonance” observedented by auxiliary (“slave”) bosois carrying the charge
in inelastic neutron-scattering (INS) experiments on op-and fermionsf;, representing the spior. In mean-field
timally doped YBaCuw;Og+, (YBCO) compounds in the theory thed-wave superconducting phase is represented
superconducting (SC) phase [1-5]. The magnetic suscepy condensed bosoms — (b;) and fermions in a/-wave
tibility x”(q, w) shows a peak at the antiferromagneticBCS state with dispersion
(AF) wave vector(w, 7) and an energywy = 41 meV. ~
The peak appears to be resolution limited, i.e., almost un- elk) = - ZL[COS(kx) + cosky)]
damped, and vanishes abo¥e. In underdoped YBCO - 4t’cos(kx)cos(ky) — Wy
the peak shifts to lower energieg < 41 meV [6-8] and .
develops some damping. It is also visible in the spin—gaﬁ‘nCI gap (k) = AO[Cos(fx) N cos(ky)]/JrZ. Rengrmallzed
regime abovel.. Several theoretical approaches to thehopping parameters are= xt + %J~<fnfi+x1>. = xt'.
magnetic excitations have been proposed [9—-15]. In mosthe expectation valueg---) in ¢t and Ay = 2J X
cases [9—14] the resonance at optimal doping is identifiel fi1fi+z1) — (fifi+s1)] are computed self-consistently
as a collective spin fluctuation, which is stabilized throughfrom minimization of the free energy. The hole concen-
the suppression of quasiparticle damping in the SC statération (doping)x sets the density of fermior(¢ — x) =
and vanishes in the normal phase. The question arises hdW,_( £ #,.) and bosongb;) = J/x.
this mode evolves with decreasing doping. In particular, The magnetic susceptibility is calculated in ladder
it is unclear how the finite damping at intermediate dop-approximation,
ing levels can be obtained, since the peak is expected to 0 0
narrow and become a spin-wave (Bragg) peak at zero en- X(q,w) = x'(q,0)/[1 + aJ(@x"(qw)] (1)
ergy when the Néel state is reached. There is also ex;,; _ —
perimental evidence [2,16] that the magnetic response iWlth J(q) = Jlcodq,) + codg,)] anda = I.
YBCO at energies somewhat belawy is incommensu-
rate. It is dominated by four peaks qt= (7,7 = §)
andq = (7 * 8, ), a pattern previously known only for
the La— ,Sr,CuQ;, family of compounds. In view of the
hew experimental datq, we reinvestigate the spin responsfia persistence of the resonance ab@yen underdoped
in slave-boson mean-field theory [9—11], focusing on thecuprates appears quite naturally
evolution of the resonance with hole filling (doping) and '
the crossover commensurate-incommensurate with varia-
tion of energy.

We start from the-¢'-J model for a single Cu@layer. 0 _
Results specific to the bilayer structure of YBCO will be X (q’ w) o +
presented elsewhere. The model reads

Figure 1
Ehows,\/o(q,w), which is built of fermion bubbles with

a vertex function to include all ladder diagrams. Bo-
son excitations do not appear in ladder approximation.
Therefore the calculation does not distinguish between the
SC and the spin-gap phasAq# 0 but {(b;) = 0), and

. + ;1 1 FIG. 1. Particle-hole irreducible contribution to the suscep-
H = - Z ICigCjo — Z I'CigCjo T 2 stisj- tibility Eq. (1). Single and double arrowed lines are normal
(i.j).0 (i.j).o (i.)) and anomalous Green’s functions of auxiliary fermions in the

. : . . d-wave BCS state. Shaded areas denote the vertex function
Sums include nearest neighlfor ) or next nearest neigh- A = 1 + A/. A’ accounts for all ladder diagrams not included
bor (i, j)’ Cu sites on a 2D square lattice. Physical op-in a simple random-phase approximation.
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If x(q, » = 0) is computed from Eq. (1), an instability sition is reached at = x. = 0.02. The peak vanishes in
to an (incommensurate) Néel state occurs for hole densthe normal phas& > T, near optimal doping; see the in-
tiesx < x. = 0.2. The high value of. is an artifact of set of Fig. 2. In heavily overdoped systems> 0.2 the
the mean-field theory. Since the inclusion of fluctuationgesonance vanishes even in the SC state.
is beyond the scope of this work, we model the expected The qualitative agreement between these results and
suppression [17,18] by setting = 0.34 in Eq. (1), such the experimental findings summarized in the beginning is
thatx, is reduced to an observed valu@2. Itis assumed quite satisfactory. The resonance positioy = 60 meV
that the superconducting phase> x. is stable when fluc- near optimal dopingx = 0.12) is not too far off the ob-
tuations are included, at least for Idv A renormalization served value 40 meV. We also calculated the AF corre-
of the mean-field parameters, e.4, is ignored, in order lation length{ from the equal-time correlation function
to keepa < x. the only phenomenological input. The (S(q)S(—q)). When doping is reduced,increases mono-
self-consistentA, = 45 meV at optimal doping actually tonically and reaches the system sizexat x. = 0.02.
compares to experimental values [19]. We have checkeQuantitatively/ is overestimated by a factor ef2 com-
numerically that the local moment sum rule is not sensitivepared to known values [22,23].
to the choice ofx. It is at first sight surprising that the resonance occurs

With this approach we are able to access the full rangat energieswy < 2A, without significant damping from
of hole densitie$.02 < x < 0.15 of underdoped cuprates. particle-hole( p-i) excitations, since thé-wave SC phase
Numerical calculations are performed in the superconductias a finite density of states. Figure 3 shows the imaginary
ing state at low temperature — 0 with parameters =  part y*(Q,, w) of the p-h bubblesy® = y¥ + iy"
2J,t' = —0.45¢ for YBCO [20,21]. Figure 2 shows the from Fig. 1, together with the real part of the denomina-
imaginary party’(Q., w) of Eq. (1) at the AF wave vec- tor of Eq. (1), K(Q», ) =[1 + aJ(Q,)x"(Q., w)].
tor Q. = (w, 7) for several hole concentrations. Appar- From the numerical calculation the vertex corrections
ently y” is dominated by a sharp resonance. Fet 0.12  have no effect on the outcome of Eq. (1) and are omitted
it appears at an energy, = 0.51J =~ 60 meV, its resid- here. x* has a full gap up to an energf,, which
ual width is due to the small quasiparticle damping usedncreases with doping. A pole occurs in Eg. (1) since
in the numerical calculation. When doping is reduced tahe corresponding crosses zero at an energy < ()

x = 0.08 — 0.04 the resonance moves monotonously toin the gap. The result is &-like resonance for a hole
lower energies and develops some damping. For furthdilling near the AF transitionx = 0.025) or near optimal
reduced hole filling, the peak becomes again resolutiodoping ¢ = 0.12). In the underdoped case & 0.06)
limited and eventually shifts tay — 0 when the AF tran- we havew, = )y, and the resonance is asymmetrically
broadened. To explain this we note that apart from BCS
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FIG. 2. Imaginary party” of the susceptibility Eq. (1) for

wave vector(w, 7). Main figure: Superconducting state at FIG. 3. Imaginary pary®” of the particle-hole bubbles from
T — 0; different peaks belong from left to right to hole Fig. 1 for wave vector(sw, ) (continuous lines), and the
concentrationsx = 0.02 (scaled X0.1), 0.025 (X0.1), 0.04, inverse Stoner enhancement fackbdefined in the text [scaled
0.06, 0.08, 0.12, 0.16. All peaks exceptt = 0.04, 0.06, 0.08 X(—10), dashed lines]. Main figure: Shown are three hole
are 6 functions, computed with a quasiparticle dampifig= fillings x in the SC state ai' — 0. An arrow points to the
1073J. Inset: x = 0.06, 0.12 in the SC state (full lines) and threshold energ¥), in the respectivegy?”; the corresponding

x = 0.12 in the normal stat’ = T, (dashed line). Here an crosses zero ab, nearby. y° shows a van Hove singularity
experimental energy resolution (FWHM) of 5 meV is simulatedat 2A, = 0.7J (a peak) and fox = 0.12 also at{), = 0.53J
vial' = 0.01J. (a step). Inset: Normal stafe = T, for x = 0.12.
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coherence factorsy”(q, w) ~ >, 6[w — Q(q.k)] at peak atq = (7, 7) = (1/2,1/2) reciprocal-lattice units

T — 0,whereQ(q,.k) = E(k) + E(k + q)andE(k) =  (r.l.u.) [3=5,7]. Recent INS experiments by Moekal.
e2(k) + A2(k). HereQ(q,k) denotes thep-i excita- [16], performed at an energy; = 24 meV = 0.7w( on

tion energies of fermions with relative wave vecipr For ~ an YBaCwOse sample withwy = 34 meV, gave evi-

q = Q. this has a minimum valuf,, which determines dence for an incommensurate response. Itis dominated by

the threshold iny®. It is given by Qy = 2|u/|Z, fourpgaks, hor!zontallydisplaced frofwr, 7). The maxi-

where u; is the fermion chemical potential arid = 1 ~ Mum intensity is strongly reduced compareduto= wy.

for xk — A%/(4/"Lf7/) >2 and Z =k — xK2/4 for Figure 4§howa/”(q,w) for x = 0.12at7T — erom th'e

0 < k < 2. Note thatQ, and therefore the resonance renormalized RPA Eqg. (1) with vertex corrections o_m_|t_ted.

energyw, do not follow 2A,. At the energywy = 0.51J (top panel) the su_sceptlblllty
The reason for the absence of damping at optimal dopS commensurate [10]. When the energy is lowered to

ing (x = 0.12) is identified in the steplike Van Hove sin- @i = 0.7wo = 0.3/, the intensity drops dramatically, and

gularity (VHS) atw = Qo in ¥ (see Fig. 3), induced by four peaks appear gt = (7 * 6, ) and(w, 7 * §), as

a locally flat p-h dispersion. By virtue of the Kramers- 1S S€en in the experiment [16]. The amodnt= 0.1 r.L.u.

Kroenig transformation the real pagf develops a sharp of the_displacement fits well the observed valu®5 r.I_.u.
structure around,, shifting the positiorw, of the reso- The incommensurate pattern may be characterized by

nance (i.e., the zero crossingj well into the gap. When the intensity ratialy, /1,;, which is the maximum intensity

x is reduced, the VHS and with it the peak structureg th Iy found_ in a horizontal scan througlr, 77), related to
weaken, andvy moves close to and may cross the thresh-the maximum/, from a diagonal scan. The numerical
old Q) to dampingp-h excitations. At very low doping

x = x. this trend is over-compensated by the monotonous
increase ofy® with reducedx, which shiftsw, back into

the gap. The increase af® comes from the shrinking of
the upper cutof2W for p-h excitations, with the band-

width W =~ 87 ~ 8(xt + J/8) of Gutzwiller renormalized
fermions. It should be noted that the steplike VHS in
x"" near optimal doping depends on the coexistence of
a finite Ao and effective next-nearest-neighbor hopping
¢/, which lead to a sufficiently flaf2(Q.,k). Setting

t' = 0 eliminates the step, and the resonance from Eq. (1)
is severely broadened. In the normal phase= 0 no
resonance appears at all. Thé: dispersion)(Q,,k) =
le(k)] + |le(k + Q)| then has a zero minimum value
without VHS, resulting in a gapless and structurelggs
andK (see the inset of Fig. 3).

The approach presented here supports the understand-
ing of the “41 meV resonance” as a collective spin fluctua-
tion. We find that the sharp resonance is entirely caused
by the pole in the random-phase approximation (RPA),
which sums up spin-singlet particle-hole excitations, i.e.,
transversal spin fluctuations. The vertex functidn=
1 + A’ in x° (see Fig. 1) has numerically no effedt/ ~
0) in the energy and doping range considered here. That
is, we can neglect, in particular, the resonant contribu-
tion from spin-triplet particle-particl€p-p) pairs, which
are involved through the mixing withp-A-excitations
Fheonfis = figf 4 in the SC state [15]. Our view
on the neutron scattering differs from, e.g., Ref. [15],
where thep-p channel is considered the main contribution
to the “41 meV resonance.” Some further comparison of
these viewpoints has been given in Refs. [24,25]. _ _ )

We now turn to the discussion of the magnetic responsE!C- 4. Wave-vector scan of"(q,«) (in arbitrary units)

. oundq = (7, 7) in the SC state al’ — 0. ¢,.q, are in
in wave-vector space. The resonance at 41 meV, as w its of27r = 1 r.L.u. The hole filling isx = 0.12, energies are

as its relative in underdoped samples at energigs< o = 051J = wgy, 0.3 = 0.7wp, 0.1J (from top to bottom).
41 meV, is characterized as a single (commensurate) quasiparticle dampind® = 0.02J has been used.
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05 — 0.5 the damping is quite sensitive to the band structure (i.e.,
04 t' # 0). The same theory explains the incommensurate
Wz 3 0.25 : : :

/ N structure at lower energies as a dynamic nesting effect,
03 |- ok specific to thel-wave SC state.
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o @ Z RS Program No. DMR 98-08941. J.B. acknowledges finan-
‘ cial support from the Deutsche Forschungsgemeinschaft,

0 01 02 03 04 05 05 025 0 025 05" Germany.
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FIG. 5. Left: Contour plot ofE(k) in the SC state fox =
0.12. Shown is the upper right/# Brillouin zone (BZ) with
kysy in units of 27 = 1 r.lL.u. The nodeE(k) = 0 appears as

a dot, encircled by contour(k) = /2 for @ = 0.1J (most *Present address: Universitdt Karlsruhe, TKRhysik,
inner curve) 0.3/, 0.51J, 0.7J. Right: Contour fore = 0.3/ Postfach 6980, D-76128 Karlsruhe, Germany.
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