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A random-phase approximation for y(q,w) with a BCS irreducible susceptibility, provides a simple
framework for examining the interplay of antiferromagnetic and superconducting correlations. Here we
study the neutron-scattering spectral weight in the normal and superconducting states for both an s and

a dxz_yz gap.

Inelastic neutron-scattering experiments give informa-
tion on the momentum, energy, and temperature depen-
dence of the spin-fluctuation spectral weight Imy(q,w).
Recent measurements on the superconducting cuprates
provide insight into these spin fluctuations in both the
normal and the superconducting phases of these materi-
als.!”% In particular, in the superconducting phase these
experiments determine the effect of the superconducting
pairing correlations on the spin-fluctuation spectrum.
Here, using an RPA-like approximation for x(q,®) in
which the irreducible susceptibility is calculated within a
BCS framework for both an s- and a dxz_yz-wave gap, we

examine the spectral weight Imy(q,w). We have previ-
ously used this same approach to analyze NMR Knight
shifts and 77! measurements as well as T, ' data.””°
Although it is clearly approximate, by treating the
Coulomb interaction strength which enters it as an
effective parameter, we have found that it provides an ex-
cellent fit to the momentum, frequency, and temperature
dependence determined from Monte Carlo calculations of
the Hubbard model.°~!2 It is also one of the simplest
forms which takes into account both antiferromagnetic
and pairing correlations. We will see that the resultant
spectral weight reflects the features of the underlying gap
structure, 131415

For the single-band Hubbard model, the RPA form for

J

the spin susceptibility is

_ Xo(q’w)
X&) =10 (o) W

Here U is a renormalized, reduced Coulomb repulsion,
which approximates the effect of multiple particle-

particle scattering. In the normal state, x,(q,®) is given
by the Lindhard function
1 f p+q f(S )
(q0)=— . (2)
X"y % 0—(gp1q—Ep)+i0"
Here sp———2t[cos(px)+ cos(p))]—pu and  f(g,)

=[exple,/T)+1 ]~ is the usual Fermi factor, with u the
chemical potentlal and T the temperature. We assume
that the renormalized Coulomb potential has no momen-
tum and energy dependence and set its value to U =2¢.
We also choose (n)=0.85.' For fillings near
(n)~0.85, the momentum, energy, and temperature
dependence of the magnetic susceptibility calculated us-
ing Egs. (1) and (2) with U =2t is in close agreement with
Monte Carlo results obtained using U =4t down to tem-
peratures of order T =0.2¢. 10712

In the superconducting state Y,(q,®) is replaced by the
BCS expression

XBCS(q =_1_ 2 _1_ p+q€ +Ap+qu f( p+q f(E
0 POy <12 E . E, 0—(Epiq—Ep)+i0"
+l €p+qfp T Bpigldp | 1= f(Epig)—f(Ep)
4 E . E, o+ (Ey q+E,)+i0"
+i . €ptqfp T Ap+glp | FE, 1 q) T f(E,)—1 )
4 E, . E, 0—(Eyq+E,)+i0"

[
This expression contains the usual coherence factors,
which are in parentheses, the dispersion relation
E,=(e}+A})'/? and the gap A,. Thesandd ,_,-wave
forms for the gap that we are considering are A;=A(T)
and A =(Ay(T)/2)(cosp, — cosp,), respectively. We

First, the normal-state results on the spectral function
are presented. Figure 1 shows Imy(q,w) versus q at
different temperatures for ©=0.05z. Here q moves along
the dashed line shown schematically in the inset. As T is
lowered from 0.30¢ to 0.10¢, the development of incom-
also assume a BCS temperature dependence for the gap mensurate antiferromagnetic fluctuations due to Fermi-
amplitude Ay(T), and choose 2A,(0)=4T,, for simplici-  surface nesting is clearly seen. For the band parameters
ty. 17 and the filling that we are using, Imy(q,®) peaks at
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FIG. 1. Momentum dependence of Imy(q,w) in the normal
state for temperatures 7'=0.10¢ (solid line), 0.20¢ (dotted line),
and 0.30z (dashed line). Here ®=0.05¢ and the momentum is
scanned along q=(Q,Q)+[(1—8/2)m,(1+8/2)w] with
8=0.10 as indicated by the dashed line in the inset.

q*=(0.97,7). This shift depends upon details of the
band structure and for a three-band Hubbard model with
parameters adjusted to fit the La,CuO, band structure, it
can be a factor of 2 larger, in agreement!®!® with experi-
ments on La, _Sr, CuO,. Here for simplicity we will use
the one-band near-neighbor form for €, discussed above.

As the incommensurate peak structure develops at q*,
at Q=(m,7) we have from Eq. (2)

Imyo(Q@)=7 N

(2]

> |1

|l~t|‘“7 —f |,u|+‘2‘

’

(4)
where N (w) is the single-particle density of states given
by K [V 1—(w/41)*]/27%t with K the elliptic integral of
the first kind. From Eq. (4) we see that at low tempera-
tures a kinematic gap®®!® opens for @ <2|u|. This occurs
in the normal state and simply reflects the fact that when
the system is doped away from half-filling, the wave vec-
tors near Q=(w,7) no longer span the Fermi surface.
Hence at low temperatures, it takes a finite energy 2|u| to
create a particle-hole pair with momentum Q=(m,).
Results for the normal-state RPA spectral weight
Imy(q,®) versus T for two different frequencies at g=Q
and q=q* are shown in Fig. 2, where the occurrence of a
kinematic gap for q=Q is clearly evident.

Turning next to the superconducting case, we assume
that a superconducting gap of s- or dxzvyz-wave symme-
try opens at T, =0.10¢. Results for Imy(q,w) versus q at
o=T,/2 obtained using s- and dxz_yz-wave gap sym-
metries below T, are shown in Figs. 3(a) and 3(b). For an
s-wave gap there is a rapid suppression of the spectral
weight for frequencies below 2A accompanied by a
broadening of the peaks as T is lowered below T,. As an
s-wave gap opens, it acts like an effective temperature,
suppressing Xo(q,w). Thus at a reduced temperature
T/T,=0.8, where 2A=0.3t, the s-wave results for
Imy(q,®) shown in Fig. 3(a) are similar to the normal-
state behavior shown in Fig. 1 at a temperature 7 =0. 3.
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FIG. 2. Imy(qw) vs T/t at q=q*=(0.9m,7) and

q=Q=(w,7) in the normal state. Here the solid and the dotted
lines represent results for q=0Q at energy transfer ©=0.05¢ and
0.10¢, respectively. The dashed and the long-dashed lines are
for q=q* at ®=0.05¢ and 0.10¢, respectively.

In the case of the dxz_yz-wave gap symmetry, the results
are quite different. As T is lowered from T =T, to
0.8T,, Imy(q,w) first decreases at all the q values shown
due to the reduction in Imy,(q,w) caused by the opening
of the dxz_yz-wave gap. However, because of the nodes,
the real part of x,(q*,®) continues to gradually increase
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FIG. 3. Momentum dependence of Imy(q,®) in the super-
conducting state for (a) an s-wave gap and (b) a dxz_y ,-wave gap
at =T, /2. For the s-wave gap, results are shown at T =T,
(solid line), 0.8T, (dotted line), and 0.5T, (dashed line), whereas
for the dxz_yz-wave gap we use T =T, (solid line), T =0.8T,
(dotted line), and T =0.2T, (dashed line). The momentum scan
is the same as in Fig. 1.
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as the temperature is lowered below T,. This eventually
leads to a narrowing of the peak structure as shown by
the dashed curve in Fig. 3(b). That is,

Imyy(q,w)
[1—URexo(q,@)]*+[U Imyo(q, @)

Imy(q,w)= » 9

with Y, given by Eq. (3) for T'<T,. Thus when
Imy,(q*, ) decreases and Rey,(q*, ) increases, as it can
for the dxz_yz-wave gap, the features near q* can actually

sharpen in the superconducting state.
The effects of the s- and dxz_yz-wave gaps on Imy(q,w)

are further contrasted in Figs. 4(a) and 4(b), where we
have plotted Imy(q*,w) versus T/T,. at different w
values. An s-wave gap of 2A,(0)=4T, suppresses®' the
spin fluctuations when o <2A, while for a dxz_yz-wave

gap there is a competition between the decrease in
Imy,(q*,@) and the increase in Reyy(q*,») as we have
discussed. For a dxz_yz-wave gap, as the superconduct-
ing gap opens, Imy(q*,w) at low o first decreases, and
then starts to increase when T~ T, /2, eventually becom-
ing larger than its value at 7,. The initial drop in
Imy(q*,®) for low w is due to the opening of the gap and
the BCS coherence factors. For a dxz_yz-wave gap with
q* near (7,7), we have Ap+q*: —Ap for a number of p

points on the Fermi surface, hence the coherence factor
of the first term in the expression for Y25(q,) [Eq. (3)],
corresponding to quasiparticle scattering, are reduced.
This, along with the opening of a gap over much of the
Fermi surface, causes Imy,(q*,w) to decrease. The in-
crease of Imy(q*,w) at lower T is due to the nodes of the
dxz_yz-wave gap, which as previously discussed, leads to

a gradual increase in Rex,(q*,») at temperatures below
T..
Experimentally, Imy(q,) is convoluted by the resolu-
tion of the neutron-scattering apparatus, so that what is
observed is an integral of Imy(q,w) over a region of q
near q*. Typically, the resolution function is elongated
in the direction perpendicular to the momentum scan.

We have integrated the RPA dxz_yz-wave results for

Imy(q,w) over q perpendicular to the scanning path for a
region A ==0. 17/vV'2, and the resulting integrated
spectral weight is shown in Fig. 4(c). We also show in
Fig. 4(d) results obtained by averaging over an area
Aql=Aq"=iO.11r/\/§ centered at q*, with Ay, and A,
being perpendicular and parallel respectively, to the
dashed line shown in the inset of Fig. 1. From Figs.
4(b)-4(d) we see that the structure of the dxz_yz low-
temperature spectral weight depends upon the q resolu-
tion of the measurement. Thus, limited instrumental
resolution or sample quality can modify the characteristic
dxz_yz-wave behavior shown in Fig. 4(b). The dotted line
in Fig. 4(b) is the s-wave result. For an s-wave gap, the
integrated intensity vanishes for o <2A as T—0.

In summary, we have explored the spin-fluctuation
spectral weight using a simple model which takes into ac-
count both antiferromagnetic and superconducting corre-
lations. Above the superconducting transition tempera-
ture, incommensurate spin fluctuations grow at momen-
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FIG. 4. (a) Imy(q*,0) vs T/T. for an s-wave gap. Here the
results are given at frequencies of =T, /4 (solid line), T, /2
(dotted line), T, (dashed line), and 27, (long-dashed line). (b)
Same as (a) for a dxz_yz-wave gap. (c) Integrated spectral
weight (Imy(q*+Aq,w)), vs T/T, for a d_;_,rWave gap.
Here the results are shown at the same frequencies as in (a) and
the momentum average is done for Aql=iO.17T/1/§. (d) In-
tegrated spectral weight (Imy(q*+Aq,w)), vs T/T, for
dxz—yz (solid line) and s-wave (dotted line) gaps at 0=T, /2.
Here the momentum average is done for A, = +0. 17/V2 and
A, =10.17/V2.
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tum transfers shifted along the edges of the Brillouin
zone while the low-frequency spectral weight near (7, 7)
is depressed by the opening of a kinematic gap. Below
T., an s-wave gap leads to a rapid suppression of the in-
commensurate peak structure seen in a momentum scan.
For a dxz_yz-wave gap, the incommensurate peaks can
continue to narrow and rise at low temperatures. For an
s-wave gap,2? the temperature dependence of the spectral
weight for w <2A observed near q* is rapidly suppressed
to zero as T drops below T,. However, the spectral
weight for a deyz—wave gap depends upon the q resolu-
tion and can remain significant for T < T,.
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