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We show that the anomalous temperature T dependences at low frequencies w observed in neutron
measurements of the structure factor S(q,w) are compatible with a dx27y2 pairing state. We further

demonstrate that convincing verification of this anisotropic pairing also requires the observation of a q
dependence which, in low-T neutron data, differs significantly from that above 7,. In the absence of
such evidence, establishing the existence of the dxz_yz state remains problematical.

Recent attention in the high-temperature supercon-
ducting oxides has focused on spin dynamical experi-
ments' ~® below 7., which have been interpreted®’ as
support for an anisotropic pairing state. It is the purpose
of the present paper to demonstrate that the most unam-
biguous magnetic evidence in support of anisotropic pair-
ing lies in the behavior of the wave vector q dependence
of the structure factor S(q,w), measured in neutron ex-
periments. In this context, we examine recent neutron
data on both the LaSrCuO and YBaCuO

families and compare with predictions based on a deyZ

state. In order to test unambiguously for the presence of
gap nodes, the magnitude and location of these contribu-
tions to S(q,®) must be quantitatively characterized. We
are able to determine the scale of these nodal effects and
thus go beyond Ref. 4 by using (i) new neutron data
below T, and (ii) a calculational scheme® which matches
on to normal state data in two different cuprates at and
above T,.

It was shown in Ref. 4 that gap nodes yield large reso-
nant peaks in Imy(q,0)=S(q,0)(1—e 5°). As was
pointed out in two important papers,** this nodal struc-
ture will also lead to a low-T upturn in the anisotropy ra-
tio (1/T),, /(1/T;), at the Cu site below T.. That this
nonmonotonic behavior is consistent with recent NMR
data*? in YBa,Cu,0, provides important support for the
d-wave state. However, because these calculations were
based on a band structure which is more suitable for the
LaSrCuO family than for YBaCuO, it is essential to reex-
amine this previous work and to provide predictions for
the spin dynamics which build in both the correct band
structure and the closely related q dependence in S(q,®).

Recent neutron data! on LaSrCuO have shown that
the superconducting transition coincides with a max-
imum in Imy(q,) for sufficiently low w~4 meV and
with ¢ fixed at the incommensurate wave vector corre-
sponding to that of the peak in the normal state cross sec-
tion.” These current experiments represent the strongest
indications that the superconducting state is affecting the
neutron measured spin dynamics in this cuprate family.
There is some ambiguity! about whether or not Imy at
these low @ vanishes at the lowest T; a nonzero value
lends some support to an anisotropic pairing state. For
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YBa,Cu;04 ¢, experiments by Sternlieb ez al.! show that
at small w, the zone center integrated contribution to
Imy(q,w) first decreases and then increases below T,
with decreasing T. For larger w, Imy(q,w) decreases
monotonically with rising temperature. The upturn at
low temperatures (which has not, however, been
confirmed by the Grenoble group®) suggests that the ma-
terial might be an anisotropic superconductor. Data
from Thurston et al.! and Sternlieb et al.! on the
La, 4sSry ;sCuO,4 and YBa,Cu;0¢ ¢ systems are shown in
the insets to Figs. 1 and 2, respectively.

It may be argued that, just as in the case of NMR data,
the growth of nodal contributions at low T can give rise
to both the nonzero value of Imy(g,0~3 meV) as T—0
in the LaSrCuO family, as well as the low-T upturn in
YBaCuO. The present paper is organized around the fol-
lowing premise. If the anomalous T and w dependences
in the neutron data are related to a d-wave pairing, then
it follows that the nodal contributions are of sufficient
strength so as to lead to observable neutron scattering in-
tensities for T sufficiently far below T,. To establish con-
sistency, a direct observation of the nodal terms, via the q
dependence in S(q,) is required. Our approach is based
on choosing a (single) free parameter, the zero tempera-
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FIG. 1. Calculated temperature dependence of Imy(Q,w) in
La, §,Sry 3Cu0O, for Q=(0.677,7) and various . Here
A(T=0)=3 meV and the exchange amplitude J,/J.=0.6,
where J, is the critical value for a magnetic instability. Data in
inset from Thurston et al. (Ref. 1).
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ture amplitude of the dszyz gap A(k)=A(T)(cosk,a

—cosk,a) so as to fit the low-T behavior as a function of
, and thereby to deduce implications for the q depen-
dence in the dynamical structure factor. Here for simpli-
city we assume that the 7 dependent function
A(T)/A(T =0) is given by that of weak coupling BCS
theory. We have found that once the (w,T) dependence
in the neutron data are fit, our results for the q depen-
dence as a function of T are relatively insensitive to
whether we use a BCS form or not.

Our superconducting state calculations are based on
J
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previous normal state work using a three-band Hubbard
model with very strong Coulomb U, as described earlier
in Ref. 6. The dynamic susceptibility was found to be of
the RPA form:

Qs ' Q> 1+J(q)ng(q’w)

with  (weakened) antiferromagnetic® superexchange
J(q)=Jy(cosk,a +cosk,a) between copper sites. Here
the superconducting Lindhard function is

o 1 e, (k+qle,(k)+A(k+q)A(k) | fI[E, (k+q)]—f[E,(k)]
Xml(q,0)= > i |1+
Ne 2 |2 E, (k+q)E, (k) w—[E, (k+q)—E, (k)]
+l _enktq) g, (k) g,(kt+qle,(k)+Ak+q)AK) | I=f[E,(k+q)]—f[E, (k)]
4 E, (k+q) E,(k) E, (k+q)E,(k) o+|[E,,(k+q)+E,(k)]
+l L+ en(k+q) g,(k) g,(k+qle,(k)+A(k+q)Alk)
4 E, (k+q) E,(k) E,(k+q)E,(k)
fIE, (k+q) ]+ f[E,(k)]—1 . .
o—[E, (kt Q)+ E (0] ]um,(k-ffq)u,,,l(k)um,r(k—}-q)un,(k) . (2)

Here ¢,(k)=EX(k)—u, f(E)=1/[exp(E/T)+1] and
(m,n), (r,r') are band and site indices, respectively. The
superconducting quasiparticle energies are given by

E,(k)={[e2(k) P+ [A(k)]*}172,

where the normal state bandstructure energy EJ(k) is
determined from the same Coulomb renormalized
bandstructure as was used in Ref. 6, appropriately
modeled for both YBa,Cu;0,_5 and La,_,Sr,CuO, sys-
tems.

We have emphasized elsewhere® that in the normal
state the important differences in the Fermi surface
shapes of the two cuprates, which enter the spin dynam-
ics via EX(k), are expected to be strongly reflected in neu-
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FIG. 2. Calculated temperature dependence of Imy(Q,®) in
YBa,Cu30¢ 6 with A(T=0)=6 meV. Here Q,=(0.77,0.77) is
the position of the nodal peak, J,/J,=0.7 and frequencies @
are as indicated. Data (and solid lines) in inset from Sternlieb
et al. (Ref. 1).
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tron experiments. These differences derive from a 45° ro-
tation of the Fermi surface in YBaCuO relative to
LaSrCuO. When combined with J(q) in Eq. (1), they
lead to commensurate peaks in the former and incom-
mensurate structure in the latter system, as is observed
experimentally.

The situation is more complicated for 0<T < T,. Here
the neutron scattering form factor consists of three con-
tributions: (1) node-induced resonant peaks, (2) nesting
peaks arising from the normal state band structure
E,‘,’(k), and (3) interaction effects via the antiferromagnet-
ic superexchange J(q). For the LaSrCuO system, the no-
dal peaks are located at [(11+8)m,(1£8)7] along the zone
diagonal direction, where & corresponds to the normal
state incommensurability. By contrast, the nesting peaks
occur at [(1x8)m, 7] and [m,(1£8)w], as found by
Cheong et al.” Because most of this Lindhard structure
occurs near (,), the effects of the exchange interaction
J(q) in Eq. (1) are only to increase the peak height, leav-
ing the shape relatively unaffected. It follows from the
above discussion that the q structure in LaSrCuO is ex-
pected to change qualitatively at 7—0, when the nodal
structure begins to dominate that associated with nesting,
and that this change requires that the neutron peaks
move to the diagonal direction.

In YBa,Cu;0,_;, the nodal and nesting peaks are lo-
cated at (+2kp,+2kp) and (£2kg,0) [as well as
(0,£2kg)], respectively. The latter (as well as the form-
er) are substantially away from the (7,7) point, as com-
pared to the LaSrCuO system (by roughly a factor of
V'2). This consequence of the 45° Fermi surface rotation
implies that the Lindhard function is relatively flat
around (m,7). Therefore, in this vicinity, the q depen-
dence of S(q,w) is dominated by that of the exchange in-
teraction J(q). The latter leads in turn to a commensu-
rate peak in the normal state. At sufficiently low 7, when
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the superconducting order is well developed this peak is
“gapped out” and the nodal structure becomes the more
important. Thus just as in the LaSrCuO family there is a
qualitative change in the q dependent behavior of S(q,®)
as T—0. Here, again, the nodal peaks will show up
along the zone diagonal direction, as the peak structure
moves from commensurate to incommensurate.

In order to determine the appropriate magnitudes for
this predicted q-structure evolution, we use existing ex-
periments, shown in the insets of Figs. 1 and 2 to deter-
mine the amplitude of the zero temperature gap. The pa-
rameter choice 2A(7T=0)=6 meV~2.1kT, for
La, §,Sry 3CuO, and 2A(T =0)=2.6kT,~12 meV for
YBa,Cu;04 ¢ optimizes agreement with both the @ and T
dependences of the structure factor.” This agreement is
viewed as only semiquantitative.

Figure 1 shows the calculated Imy((1—38)m,7) for
La, §,Sr; 3CuQO, at the incommensurate nesting peak for
different frequencies . Experimental data from
Thurston et al.! are shown in the inset. For small w, i.e.,
0 <A(T=0), Imy((1—38)m,7) has a sharp maximum at
T., similar to that also observed by Mason, Aeppli and
Mook.! For higher o, the superconducting gap is negligi-
ble so that Imy((1—238),7) decreases monotonically as T'
increases, and there is no sign of the transition at T..
The small upturn at low temperature for =3 meV arises
in our calculations from ‘“leakage” due to the gap nodes
which are centered at [(14+8),(1+8)7]. In the neutron
experiments, the limiting instrumental resolution may
further artificially enhance structure at this nesting peak
position via nodal peak contributions which may be inad-
vertently detected.'®

In Fig. 2 are plotted similar results for YBa,Cu;Og .
Here the inset is from Sternlieb et al.! The temperature
dependence of Imy(q,®) is indicated for three values of
the frequency o and at the position of the nodal peak
where q=[(1—86/2)m,(1—86/2)w], with §=0.6. This q
value was chosen to indicate the maximum effect of the
gap nodes. The upturn at low temperatures for small
w=5,8 meV is a consequence of the growth of these no-
dal contributions as 7—0. At higher ®=12 and 16 meV
the behavior is more characteristic of the normal state
which shows a monotonic increase with decreasing T.
The counterpart experiments shown in the inset are ob-
tained by integrating Imy over a range of q values in the
vicinity of (,7). The absence of any experimentally ob-
served upturn at higher frequencies w ~12-16 meV pro-
vides a constraint® on the allowed values of the zero tem-
perature gap. For our choice of the parameter 2k, we
find no evidence of the nodal contribution precisely at the
(m,7) point.!! Hence if experiments are picking up the
d-wave nodes at this point, this would appear to be a
consequence of the integration over a range of q values,
due to the finite resolution of the experiments. It follows
from the above discussion that without more detailed q
scans for T~5 K, and » =5 meV, it is not possible to
determine whether these low w,7 anomalies are in any
way related to the presence of an anisotropic supercon-
ducting order parameter.

The following two figures represent predictions based
on the implications of Figs. 1 and 2. The sharp, jagged
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structure is an artifact of the numerical plotting routine
and should be viewed as smoothed out within the plotted
envelope function. Figure 3 shows the predicted temper-
ature evolution of the g-dependent structure in
Imy(q,w=2.5 meV) for La, 4,Sr; ;3CuO, from just below
T, to the low-T regime where the nodal contributions are
dominant. This figure should be viewed as following
necessarily from the premise that the measured low T,w
anomalies of Fig. 1 are associated with d-wave pairing.
For this cuprate, the topography of the structure factor
essentially reflects that of the Lindhard function. At the
highest temperature (T'=25 K), the nesting peaks are
dominant and the maxima are away from the zone diago-
nal direction. At intermediate temperatures (7 =15 K),
the nodal contributions give added weight to q along the
diagonal and by the lowest T" (=3 K) the nodal peaks
dominate and the nesting structure has been ‘“‘gapped
out.”

A similar plot of Imy(q,w=2.5 meV) is shown in Fig.
4 for the YBa,Cu;Oq¢ ¢ system. Just below T, (at T =55
K), the shape of the structure factor mirrors that of the
normal state, but with reduced intensity due to the open-
ing of the superconducting gap. As T decreases to inter-
mediate temperatures (7 =30 K) the growth of the four
nodal peaks is clearly evident; these coexist with the com-
mensurate maximum. At the lowest T =4 K, the (m,7)
peak has been gapped out and only the nodal structure
remains.

In summary, the main contribution of the present pa-
per was to present systematic predictions for the temper-
ature evolution of the q structure in neutron experiments
from the normal state to T~0 for two families of the
copper oxides. In this way, we may hope to obtain a
clear indication of the superconducting gap symmetry.

Imy(Q)

Imy(Q)
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FIG. 3. Predicted wave-vector dependence of Imy at ®=2.5
meV for La, §,Sr; ;3CuQy, at various temperatures below T,. Pa-
rameters are chosen as in Fig. 1.
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FIG. 4. Predicted wave-vector dependence of Imy at w=2.5
meV for YBa,Cu;O¢ 4 at various temperatures below T,. Pa-
rameters are chosen as in Fig. 2.

While related perditions are in the literature,*> ours is

the first to present these predictions in a quantative con-
text using models for which the normal state q structure
is in reasonable semiquantitative agreement with experi-
ment for the two different cuprates. In addition, our cal-
culations for this q dependence are based on parametriza-
tions which yield agreement with low 7,» anomalies ob-
served in recent neutron data.! Thus whether the low-
temperature upturns in Imy vs T observed' in the
YBaCuO family, are associated with the dx2~y'2 state can

now be directly tested. Note that these upturns in the
neutron data are closely related to those of the NMR an-
isotropy which are argued*’ to be among the strongest
evidence in favor of the d-wave pairing state. It is also
clear that these previous calculations of the NMR relaxa-
tion should be revisited using the present models which

can address the differences in the normal state spin dy-
namics of the two cuprates. Our analysis of the neutron
data suggests that the zero temperature gap
2A(T =0)/kT, lies somewhere’ between 1.5 and 3.0 for
both cuprates. By contrast the best fits to the NMR
data® suggest that this ratio lies somewhere between 6.0
and 8.0.

Although lifetime effects have been omitted from our
considerations, recent data on the lifetime in the super-
conducting state!? imply that these effects are negligible
at the low temperatures where the gap node contributions
are dominant. Hence these effects should not alter in any
significant way the central predictions of this paper. Of
greater concern, however, are bilayer interactions which
are known to be important'® in the YBaCuO family.
These contributions, which are more difficult to treat
since they also involve assumptions about the nature of
interlayer pairing, will be discussed in future work.

We end by noting that the preferred system for observ-
ing gap node effects is in slightly deoxygenated YBaCuO.
Here the gap size appears to be larger than in the op-
timally doped LaSrCuO system. Therefore, the neutron
frequencies do not need to be extremely small. At the
same time, away from O, there is sufficient magnetic
scattering in the normal state. In YBa,Cu;Og¢4, a scan
along the zone diagonal direction at T~4 K and o~3
meV should reveal a double peaked structure, if this sys-
tem is indeed a d-wave superconductor.

Note added in proof. Different conclusions have been
reached by Bulut and Scalapino [Phys. Rev. B 47, 3419
(1993)]. We believe these differences are a consequence of
strong nesting effects associated with one- vs three-band
models and of close proximity to a magnetic instability.
It should also be noted that Sternlieb ez al. [Phys. Rev. B
47, 5320 (1993)] have now failed to observe any incom-
mensurate neutron structure in YBa,Cu;O0¢6. This
should be viewed as a potential conflict wiht the standard
d-wave interpretation of NMR anisotropy data.
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