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Neutron experiments have indicated that the structure factor S (q, co) for the two cuprates
YBa2Cu307 q and La~ Sr Cu04 has a different q dependence. Commensurate peaks at (~/a, m/a) are
observed in the former case, whereas clearly incommensurate peaks are seen in the latter, for metallic
hole concentrations. We attribute this contrasting q dependence to differences in the Fermi-surface
geometry, obtained in band-structure approaches, and (for the YBaCuO system) also corroborated by
photoemission experiments. Using a large Coulomb-U, Fermi-liquid-based scheme, we present results
for the q, co and temperature dependence of the neutron cross section as well as for the temperature
dependence of the NMR relaxation, in both cuprate families at various hole concentrations. When anti-
ferromagnetic quasiparticle interactions of moderate strength are included, these calculations compare
favorably with experiment. It should be stressed that the Fermi-surface shape must be accurately
represented in both systems in order to produce this good agreement with the neutron data. We con-
clude that the close correspondence found, thus far, between band-structure-derived spin dynamics and
the detailed fermiology of both cuprates provides support for Fermi-liquid-based schemes. Further-
more, this correspondence suggests important constraints which should be included in theoretical
schemes ranging from the marginal and nearly antiferromagnetic Fermi liquid to more exotic scenarios
for the normal state. Within this context, it is extremely important to determine the characteristic ener-

gy scales of the Fermi liquid. Comparison of our calculations with the measured energy scales of the
spin dynamics indicates that these are sufficiently low so that one can reconcile deviations from canoni-
cal behavior above T, with a Fermi-liquid ground state. Explicit effects of these low-energy scales are
discussed in the context of the quasiparticle lifetime as a function of frequency and temperature. Our de-
tailed studies also yield predictions for future experiments which will help to test futher the validity of
this approach.

I. INTRODUCTION

It is widely believed that the spin dynamical properties
of the cuprates contain valuable information about the
normal state and possibly also the superconducting mech-
anism. The behavior of the dynamical structure factor
S(q, co) has been elucidated through both NMR (Ref. 1)
and neutron measurements. What is intriguing about
these data, however, is the variation from one cuprate to
another. Incommensurate peaks (which become increas-
ingly more incommensurate with hole concentration x)
are observed in the La-Sr-Cu-0 family, ' whereas com-
mensurate structure at the (@la,m/ )apoint is found in
Y-Ba-Cu-0 systems. ' In this paper we show that these
differences are necessary consequences of Fermi-liquid-
based theories of the cuprates and reAect important
differences in the calculated band structure.

The magnetic properties of these Fermi-liquid-like
schemes depend on the dynamical susceptibility of the
noninteracting system (Lindhard function) y (q, to),
which in turn is based on the energy band dispersion.
(Further corrections to the Lindhard function contribu-
tion may occur through residual quasiparticle interac-

tions JH(q), deriving, for example, from superexchange
and Ruderman-Kittel-Kasuya- Yosida (RKKY) eff'ects. )

In this way, the spin dynamics is intimately connected
with the band structure. That one may view neutron
measurements as a form of Fermi-surface spectroscopy is
an important theme of the present paper.

It is now apparent that the Fermi surfaces of the cu-
prates are not universal in shape. Photoemission experi-
ments on Y-Ba-Cu-0 corroborate the results of band-
structure calculations for the Fermi surface in the fully
oxygenated system. Recent data at reduced oxygen
stoichiometries also appear consistent with this shape.
This Fermi surface is rotated by 45 with respect to the
predictions of the simple nearest-neighbor tight-binding
band-structure scheme. It has been speculated that this
rotation results from the interaction of the apical oxygen
with the planar Cu. While there are no angle-resolved
photoemission data on La-Sr-Cu-O, it is reasonable to as-
sume that in this system the Fermi-surface shape is also
adequately described by the local-density-approximation
(LDA) scheme, ' so that it corresponds to the simple
tight-binding "diamondlike" shape, slightly modified by
higher-order hopping processes. Associated with these
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differences in the band structure of Y-Ba-Cu-0 and
La-Sr-Cu-0 are different nesting and Van Hove struc-
tures which enter into the Lindhard functions and thus
into the neutron cross section.

Our approach, which is based on Fermi-liquid theory,
shares many features with other Fermi-liquid scenarios in
the literature. Our understanding of the rotated Fermi
surfaces in Y-Ba-Cu-0 builds on the LDA band-structure
calculations of Pickett, " Anderson, and Freeman and
their co-workers. Indeed Pickett was the first to note
that the planar Fermi surfaces of the Y-Ba-Cu-0 family
seem inconsistent with the observed commensurate mag-
netic order of the parent magnetic insulator. This situa-
tion is in contrast to that in La-Sr-Cu-0 where the nest-
ing vector found in the metallic state is close to the wave
vector for long-range magnetic order of the insulator.
Newns, Pattnaik, and Tsuei' have explored a similar
large- U, Fermi-liquid approach with particular recent
emphasis on Van Hove effects and less attention on mag-
netic effects. Finally Ruvalds and Virosztek' have dis-
cussed extensively a variety of different experiments in
the context of their nested Fermi-liquid theory. Al-
though our Fermi surfaces appear to be less strongly
nested than those they use, the present calculations also
incorporate some of these near-nesting effects insofar as
they are represented in the LDA calculated fermiology.

Thus far, the differences in the band structure in
La-Sr-Cu-0 and Y-Ba-Cu-0 have not been included in
theories which address neutron and NMR data. Nor has
there been any substantial effort to explain the evidently
contrasting behavior of the spin dynamics observed in
neutron experiments. In this paper we explore the
differences between these two cuprates using as a basis of
our previous calculations' ' of the dynamical suscepti-
bility y(q, co) and including quasirealistic models of the
band structure. ' Within our random-phase-
approximation- (RPA-) like theory, the dynamical sus-
ceptibility contains a competition between nesting effects
[through the Lindhard function y (q, co)] and exchange
effects which result from a (primarily) nearest-neighbor
antiferromagnetic interaction, JH(q). ' The different q-
space topography observed experimentally in
S(q, co) =Imp(q, co)/( I —e ~"

) for the two cuprates
can be explained within this formalism, provided a quasi-
realistic Fermi-surface shape is assumed and the ex-
change interactions are of moderate strength.

We stress that this q structure is also associated with
different temperature and frequency dependences in the
two cuprates. The calculated (co, T) behavior seems to
compare favorably with measurements of the spin dynam-
ics' and provides important insight into the energy
scales of the Fermi liquid. ' Indeed, studies of the vari-
ous low energies are critical for determining the break-
down of canonical Fermi-liquid behavior with increasing
temperature or frequency. ' Further elucidation of this
point is provided by our calculations of the quasiparticle
lifetime as a function of co (relevant to photoemission ex-
periments) and temperature (relevant to resistivity data).
In this context we note that the linear dependences on ~
and T seen in photoemission and transport data are com-
patible with a Fermi-liquid ground state. The canonical

Fermi-liquid co or T dependences appear only at
sufFiciently low energies or temperatures; above the
"crossover" energy scales the dependence is linear. It is
important to stress that strong Coulomb correlations
significantly reduce these crossover energies for a wide
range of hole concentrations. ' Thus the quadratic
Fermi-liquid behavior' in the lifetime may, indeed, be
"hidden" either by the limited resolution of the photo-
emission experiments or the "high" temperature onset of
the normal state. In the present paper we relate the ener-
gy scales associated with the lifetime to those of the spin
dynamics.

Our picture can be compared with alternative theoreti-
cal approaches to magnetic data. Recent Fermi-liquid-
based schemes which have addressed NMR data all as-
sume the existence of low-energy scales. In the "nearly
magnetic" Fermi-liquid schools ' ' these low energies
arise from the proximity to an antiferromagnetic instabil-
ity and are associated with soft spin fluctuation energies.
In the "nearly localized" Fermi-liquid approaches, ' such
as that of Newns' and the present paper, the dominant
near-instability results from proximity to a Mott local-
ized insulator. Narrow bandwidths (which result from
strong Coulomb correlations U), along with moderate
spin fluctuation softening lead to low characteristic ener-
gies. It should be stressed that it is likely that both near
magnetism and near localization are both playing a role
in the metallic cuprates and it will be desirable eventually
to treat these two near instabilities on a more even foot-
ing. In general the low energies discussed within these
various approaches are of the order of a hundred or, at
most, several hundred K, depending on the cuprate and
its stoichiometry. Our detailed studies show that similar
energy scales are also evident in neutron data on the
Y-Ba-Cu-0 system and we predict related effects in fu-
ture neutron measurements of the La-Sr-Cu-0 family.

Within the Fermi-liquid school, a phenomenological
approach for understanding NMR data in the cuprates
has been proposed by Millis, Monien, and Pines
(MMP). This picture assumes strong zone corner com-
mensurate peaks in Imp(q, co-O) for both Y-Ba-Cu-0
and La-Sr-Cu-0 and can explain quite well the T depen-
dence of the (planar) Cu and 0 nuclear relaxations.
However, the application of this phenomenology to re-
cent neutron data is not straightforward.

A related theory of Bulut, Hone, Scalapino, and N. E.
Bickers ' is based on the small Hubbard-U, RPA form
for y( q, co ). While this theory has many similarities to
the present approach, because it treats U as a small rath-
er than large parameter, it leads to q structure in the spin
dynamics which is different from that of the present
theory. Stated simply, in the present paper we find that
the spin exchange JH(q) appears in the same location
within the RPA denominator as does the Hubbard U in
the theory of Ref. 21. It will be seen that this q depen-
dence in JH(q) plays a particularly important role in our
work on the Y-Ba-Cu-0 family. On the scale of the vari-
ous theoretical scenarios for the high-temperature super-
conductors, differences between our picture and those of
Refs. 20 and 21 are rather small. One should view the
present approach and those of Millis, Monien, and
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Pines and Bulut, Hone, Scalapino, and Bickers ' as be-
longing to the same general class of theories. Thus, much
of the content of our paper, should, in principle, apply to
the other two theoretical approaches, as well.

The above Fermi-liquid-based models for S (q, co )

should be contrasted with more localized (non-Fermi-
liquid) schemes such as studies of the spiral phases.
Within the context of t-3 and related models it is possible
to explain the various commensurate and incommensu-
rate structure observed in the neutron cross section.
Here a long-range-ordered state is generally considered.
It may be argued that fluctuation effects will destroy
long-range order, leaving residual q-structure peaks.
However, at present, these theories appear to be incon-
sistent with the Fermi surfaces observed in photoemission
experiments. Furthermore, within these approaches
there is no strong a priori reason why the different cu-
prates would exhibit significantly different spin dynamics.

More generally the differences between the two cu-
prates appear to us to have no "natural" explanation ex-
cept insofar as they correlate with the Fermi-surface
shapes. When viewed in this way, as a form of Fermi-
surface spectroscopy, these magnetic data take on an
even greater significance. Just as in photoemission exper-
iments, one may hope to test important features of the
normal state, such as the nature and number of the spin
and charge carriers, features of the energy band disper-
sion, as well as important energy scales and their hole
concentration x dependence.

These detailed x-dependent neutron and NMR studies
are now becoming available and they will provide crucial
constraints for all normal-state theories. The present ap-
proach, which involves a Coulomb renormalized band
structure, may be compared to the data as a function of
x. In this context we address in detail two oxygen
stoichiometries in the Y-Ba-Cu-0 system, roughly corre-
sponding to 06 7 and 07. In the La-Sr-Cu-0 system we
focus on two Sr concentrations, x =0.09 and x =0.18.
In addition, we discuss the general functional form for a
number of properties in this family, as well as the limiting
value as x —+0. Particularly interesting is the behavior of
the incommensurability vector, 5(x), associated with the
position of the peaks in the magnetic structure factor.
Reasonably good agreement with recent measurements of
this quantity provide support for the present approach in
which the renormalized band parameters are found to
vary as a function of the hole concentration x.

This paper is focused on numerically generated results
for the dynamical structure factor as a function of cu, q, T
and x in the two cuprates. The formalism upon which
this work is based is presented elsewhere. '" Additional
brief summaries of magnetic calculations are contained in
Refs. 15 and 18 for the La-Sr-Cu-0 system and Ref. 16
for Y-Ba-Cu-0. Here we concentrate on comparing the
two cuprates and addressing recent neutron data and re-
lated energy scales. Among the important contributions
of this paper are the following: (a) Insights into the
quantitative behavior of the incommensurability in
La-Sr-Cu-0. We show that the experimental result of
Cheong et al. 6-2x requires the existence of a sizeable
next-nearest-neighbor hopping term (nonzero, t ) in the

Hamiltonian as well as a variation (with hole concentra-
tion x) in the Coulomb "renormalized" tight-binding
Hamiltonian parameters. In this way neutron experi-
ments may be seen to imply that the Fermi-surface shape
(as well as its volume) depends on x. (b) The theoretical
demonstration that a low-temperature crossover (from
Fermi liquid T to a high-temperature linear in T) depen-
dence of the quasiparticle lifetime or resistivity also exists
in the Y-Ba-Cu-0 system. As in our previous studies of
La-Sr-Cu-O, ' this derives from the Van Hove energy
scale, renormalized by Coulomb correlations. Here, how-
ever, the rotated band structure leads to a significantly
higher Van Hove energy. (c) The observation that this
"crossover" energy appears in the neutron data as a peak
in Imp versus u and thus is evident as a low-energy scale.
This lends experimental support to the underlying as-
sumption of Fermi-liquid-based approaches that such low
energies do, indeed, exist. (d) The demonstration of simi-
lar crossover effects in the frequency dependence of the
photoemission lifetime. ' This observation along with (c)
shows how the energy scales of the spin dynamics and
quasiparticle lifetime are related. (e) The demonstration
that including interlayer coupling within the unit cell of
Y-Ba-Cu-0 does not significantly change the character of
the planar Lindhard function, so that simple one-layer
calculations of this quantity are adequate for many pur-
poses. (f) The presentation of predictions for the (q, co, T)
dependence of the neutron cross section in the fully oxy-
genated Y-Ba-Cu-0 system, where experiments are just
beginning to reveal antiferromagnetic peak structure. In
this paper we also address some aspects of m/T scaling in
the La-Sr-Cu-0 system (which occurs along the zone di-
agonal direction) and touch on the role of the neutron
and dc susceptibility "spin gap". ' We note that these
spin gap effects are not present, at least at the RPA level,
in our calculations.

We now outline the remainder of the text. Section II
presents the general formalism for calculating the dynam-
ical susceptibility. In Sec. III, we present results for the q
dependence of the neutron cross section in both the
three-band (Sec. IIIA) and one-band (Sec. III B) cases.
The present theory yields agreement with the wave vector
q and temperature T dependence of S ( q, co ) observed in
Y-Ba-Cu-0 as well as in La-Sr-Cu-O. Moreover, for the
latter system our Coulomb renormalized band structure
provides an explanation for the measured concentration
dependence of the incommensurability vector. This situ-
ation is to be contrasted with the results obtained in the
one-band models. Section IV focuses on the frequency
and temperature dependence of the magnetic data. We
emphasize that the various low-energy scales which
appear in neutron experiments ' on deoxygenated
Y-Ba-Cu-0 are consistent with the present theory. These
energy scales, softened by spin-Auctuation efFects, are re-
lated to the Van Hove singularity as well as the "coher-
ence" temperature. (The latter temperature will be
defined in more detail below). For the La-Sr-Cu-0 sys-
tem we present predictions regarding the frequency and
temperature dependences of the maxima in S(q, co).
NMR experiments are discussed in Sec. V, where it is
shown that the calculated Cu 1/T, is consistent with the
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data. By contrast, the standard hyperfine coupling mod-
el ' ' for the oxygen relaxation does not lead to sufticient
form factor cancellation effects to explain the difference
between 1/T, at the Cu and 0 sites in YBazCu307. This
imperfect cancellation derives from the fact that the anti-
ferromagnetic peaks in the structure factor are not
sulficiently sharp (as seems to be compatible with
neutron-scattering observations ). In Sec. VI we dis-
cuss the results for the frequency and temperature depen-
dence of the quasiparticle lifetime in YBazCu307. These
calculations lead to linear dependences on the relevant
energy and demonstrate how the energy scales which ap-
pear in magnetic data are rejected in the lifetime. Fur-
thermore, they lend support to the picture that the
canonical Fermi-liquid quadratic (T, co) dependences are
"hidden" by the relatively high temperatures of the nor-
mal state (in resistivity data), or the limited frequency

I

resolution (in photoemission data). Our conclusions are
presented in Sec. VII.

II. GENERAL FORMALISM

A. Auxiliary boson scheme

We start from the extended three-band Hubbard Ham-
iltonian with large Cu on-site correlation U, which is re-
viewed in Ref. 17. Here we consider both the "electron"
and "hole" pictures. These two descriptions are distin-
guishable only when U —+o0. It is important to stress
that the physics in the two pictures is equivalent, provid-
ed the Hamiltonian parameters are chosen to yield a
Mott insulating state at half filling. Our formalism builds
on the CuOz Hamiltonian written in the auxiliary boson
basis

H=QE„d, d, +ps p, p, + g r (p, p, +H. c. )+QE,e;e;+QEff; f;
I I

+ g Vd[e;d; p& +f; d; p&~sgn(o. )+H.c. j+giA, gd, ; d; +e; e;+f; f; —NQO

where e;, d, , and f; are the creation operators for the
Cu'+, Cu +, and Cu + valence states, respectively. The
first and last of these correspond to bosons whereas the
Cu + state is a fermion with specified spin index o. This
Hamiltonian is derived from the extended Hubbard Ham-
iltonian by representing a copper electron operator in
terms of its valence state as D; =d; e;+sgn(o )d; f; .
The energy to create a Cu'+ (no hole) state is E, =0, and
that to create a Cu + state (two holes) is sf =2c,d+ U. In
Eq. (1) a Lagrange multiplier i A;is intro, duced to account
for all possible valence states at each Cu so that

d; d, +e;te;+f; f; =1=NQO. In the context of a
controlled 1/N expansion (where N is the Cu and 0 spin
degeneracy), we choose Qo = 1/N to be finite.

The Hamiltonian thus includes copper-oxygen hybridi-
zation Vd, a finite oxygen dispersion derived from t
and oxygen and "bare" copper levels called c and c.d, re-
spectively. In both cuprates we chose the band parame-
ters so that there exists a Brinkman-Rice (or Mott local-
ized) insulator at half filling. This Hamiltonian in the
large-U limit can be solved within a mean-field approxi-
mation ' to produce a renormalized band structure
which characterizes the quasiparticles of the Fermi
liquid. In this limit the Lagrange multiplier and boson
expectation values are replaced by (site-independent) sca-
lars Xo and eo, etc. and the renormalized d level position
is c,d =c.d+Xo. Finally the hybridization Vpd is renormal-
ized as Vpd ~ Vpd which vanishes at the insulating limit
as a consequence of large U. These various renormaliza-
tions are in the same spirit as the m ~m* renormaliza-
tion of Landau theory. They may be viewed as the natu-
ral generalization of the result for isotropic Fermi liquids,
to the multiband case. The quasiparticles are composed
of hybridized copper and oxygen states with correspond-
ing "weight" or coherence factors u„„(k) (where the in-

dex n =1,2, 3 refers to one of the three renormalized
bands and r =d,p, p represents Cu or 0 sites). These
coherence factors characterize the wave functions of the
quasiparticles and are dominated by the Cu component.
Because of strong Coulomb correlations, the renormal-
ized antibonding band is greatly reduced in width and, as
the insulator is approached becomes progressively more
narrow.

Various schemes which go beyond the mean-field ap-
proximation (or leading order in 1/N) have been present-
ed in the literature. ' These higher-order corrections are
associated with the Landau parameters which describe
the residual interactions between the quasiparticles of the
renormalized band structure. The first-order corrections
are of a "density-density" symmetry, so that spin-spin in-
teractions do not appear until the (1/N) level. These
spin-spin terms were discussed in a previous paper' and
lead to two types of contributions to the exchange in-
teraction: superexchange and RKKY. It is important to
stress that alternative schemes (e.g. , perturbation in V d)pd
give similar answers, so that our results are not artifacts
of the 1/1V expansion. Physically, these two types of ex-
change processes may be understood as deriving from
Cu-Cu interactions via mediating oxygen states which are
full (superexchange) and partially empty (RKKY).

The RKKY and superexchange contributions are both
dependent on the occupation of the oxygen band. In this
way, the value of the total exchange JH(q) depends on
the hole concentration. The extreme limits of small and
large t are most readily amenable to quantitative discus-
sion. We have shown, ' that in the limit of large t the
RKKY interaction rapidly increases from zero with in-
creasing x, whereas the superexchange term decreases
with x. At larger values of the hole concentration the
RKKY term dominates; it is initially ferromagnetic, and
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ultimately antiferromagnetic with increasing x. By con-
trast, in the limit of small t, the RKKY term is
suppressed and the superexchange contribution becomes
more dominant. In this case the net exchange JH(q) is
more weakly dependent on the hole concentration. Be-
cause t in the cuprates is neither very small nor very
large, a quantitative calculation of the net exchange does
not fall into either of the simple limiting cases. For this
reason, we have appealed to phenomenology to treat the
overall magnitude of the exchange which we parametrize
by Jo. Comparison with NMR and neutron data seems
to suggest unambiguously that this net exchange is anti-
ferromagnetic in sign.

To estimate the q dependence we appeal to our numeri-
cal calculations' which have determined that the interac-
tion is dominantly between nearest neighbors. We find
these short-range exchange interactions occur (for both
large and small values of t~~) over the entire parameter
regime in which the exchange interaction is dominated by
the antiferromagnetic superexchange. This is an impor-
tant consequence of strong Coulomb correlations which
lead to quasilocalized Cu states. The strong on-site U
terms are projected out so that the spin exchange is pri-
marily between adjacent Cu atoms. To avoid further
computational difficulties, we will approximate the q-
dependent exchange by a simple analytic expression
(which corresponds to a nearest-neighbor tight-binding
form)

JH(q)=JO[cos(q a)+cos(q a)] .

data in YBa2Cu306 7 and with the temperature at which
the Cu NMR deviates from Korringa behavior in
La& 85Sro i5Cu04. Thus in the former system we choose
Jo /J =0.7 fol the 06 7 case and for the latter cuprates
we take Jo/J, =0.8 for x =0.09. These are our fitted pa-
rameters; we may then interpolate on the basis of our x-
dependent calculations to find Jo /J, —0.5 for the
YBa2Cu307 and -0.6 for La2 Sr„Cu04 at x =0. 18. It
should be noted that our results are not particularly sen-
sitive to variations of order -20% in these parameters.
Here J, is the value of Jo at which the system is magneti-
cally unstable.

We have also found that JH(q) is only weakly depen-
dent on T and co. Formally, this result derives from the
fact that the magnetic interactions depend more on the
high-energy than low-energy Iluctuations (which are sen-
sitive to the details of the renormalized band structure).
Physically, this very weak T, co dependence rejects the
large characteristic energies of the mediating oxygen
band which is relatively unaffected by the Coulomb or
band narrowing effects associated with the Cu states.

Because of the structure of the spin-spin vertex func-
tion, we have shown' that the entire RPA series may be
resummed. This is not generally the case for q-dependent
interactions. Similar results are found for the heavy fer-
mion problem. The final expression for the dynamical
susceptibility in the presence of exchange interactions is

x',d(q, ~) [
—JH(q)]xd, (q, ~)

x„(q,~) =x'„(q ~)+
1+JH(q)Xdd(q ~)

On the basis of phenomenology, we assume an antiferro-
magnetic Jo )0 having a magnitude which yields reason-
able correspondence with the energy scales of the neutron

I

The Lindhard susceptibility components are

(3a)

f(E„(k))—f(E (k+q))
X'„„(q,~)= g u *„(k+q)u„*„(k)u „(k+q)u„„(k),

co —E„k Ek+q— (3b)

where E„(k) are the renormalized quasiparticle energies
reviewed in Ref. 17. In the limit t =0, a compact
analytical expression may be written for this dispersion

2 1/2
Ep Ed +eoyk, (4a)

Ep +Ed
E1,k 2

+

Ep+E,d
E2I —

2

Ep Ed
+eOXk2 2

1/2

(4b)

and

(4c)

where eo is the mean-field value of the Cu'+ boson ampli-
tude and yk =2Vd~[cos (k a/2)+cos (k a/2)]' . Here
the index n = 1,2, 3 corresponds to the antibonding,
bonding, and nonbonding bands, respectively. More gen-
erally, however, the dispersion relations, which arise
from the diagonalization of a 3X3 matrix, are rather
complex' and will not be written down here. It should

be stressed that the band parameters in Eqs. 4 are x
dependent as a result of our self-consistent mean-field ap-
proach.

It is useful to summarize the present results for the
dynamical susceptibility [Eq. (3)]. To leading order, the
large Coulomb correlations are absorbed into the Lind-
hard term which derives from the narrow quasiparticle
band. Interactions between the quasiparticles JH(q) arise
from higher-order effects which can be systematized in
the context of a 1/N expansion. '

We may compare and contrast the present model of
Eq. (3) with the results of Ref. 21. Here the dynamical
susceptibility is derived in the strong-U limit, using a
Coulomb renormalized band structure and residual ex-
change interaction J~. We will see that low-energy scales
result from a combination of narrow band and spin-
Auctuation softening. In Ref. 21 the corresponding cal-
culation was presented for the weak-U limit. The authors
of Ref. 21 view the cuprates as being very close to a mag-
netic instability so that the soft energies result entirely



9060 QIMIAO SI, YUYAO ZHA, K. LEVIN, AND J. P. LU 47

from spin-fluctuation effects via a near instability of the
RPA denominator 1 —Ug . This corresponds to a "near-
ly magnetic" Fermi-liquid picture, as distinguished from
the present "nearly localized" approach. In reality the
truth may lie somewhere in between the two pictures and
it is likely that both near localization and near magnetism
are playing a role in the cuprates (as well as in other
strongly correlated systems' ).

Despite these differences, the general form for the
dynamical susceptibility used in Ref. 21 is similar to that
obtained in the present approach. This similarity in form
is also seen in comparisons with the phenomenological
approach of Millis, Monien, and Pines. In this way, Eq.
(3) may be considered to be a natural generalization to ar-
bitrary (q, co) of the standard Fermi-liquid result.

B. Phenomenological approach
to renormalized band structure

In order to acquire additional intuition about the
effects of strong Coulomb correlations on the Lindhard
function y (q, co), in this section we consider an alternate
approach. Throughout this paper we will argue that the
auxiliary boson scheme should be viewed as a convenient
theoretical "tool" for incorporating band narrowing
effects associated with strong U. In no sense is this
scheme unique and similar results may be found within
an alternate Gutzwiller approach. Thus the con-
clusions of the present paper are not, in detail, sensitive
to the use of this particular theoretical device.

To establish greater generality of the present physical
picture, we consider a more phenomenological approach
to the auxiliary boson scheme in which band narrowing
effects are introduced by fits to the measured Drude plas-
ma frequency cu —n /m *. It should be stressed that this

2quantity is strongly hole concentration dependent and m

vanishes linearly with x as x ~0. In Fermi-liquid
schemes the effective carrier number n is constrained by
Luttinger's theorem to be nonzero above, but near the
metal insulator transition. Thus the behavior of the plas-
ma frequency represents an important constraint on m *

or the bandwidth. Alternate measures of this quantity in-
volve thermodynamic variables such as the static suscep-
tibility or specific heat, both of which contain important
contributions from degrees of freedom unrelated to the
conduction electron states. These additional contribu-
tions must be subtracted out in some approximate
manner to estimate the renormalized electronic mass.
Furthermore, because co is temperature independent, it
represents a less ambiguous measure of m * than, say, the
static susceptibility, which is T dependent for most hole
concentrations.

The inset to Fig. 1 shows the measured behavior of the
Drude-fitted ' co as a function of hole concentration in
both families of cuprates. Here, in order to show the
Y-Ba-Cu-0 and La-Sr-Cu-0 data on the same figure we
have estimated the hole concentration in the former (as-
suming 07 corresponds to x =0.33 and that the chains
and planes share the holes in a I:2 ratio). This assigned
hole concentration is viewed as only semiquantitative. In
the main body of the figure we show the plasma frequen-

1.0

.3

0.0
0.0 0.1 0.2 0.3

Hole Concentration

0.4

FIG. 1. Calculated plasma frequencies co~ of YBa2Cu307 —Q as
a function of hole concentration (estimated as in text). The two
points surrounded by squares represent YBa2Cu 306, and
YBazCu307 with the same parameters used in the spin dynami-
cal calculations. The inset shows (Drude) measured co of the
two indicated cuprates (Refs. 29 and 30), where the "fitted"
curve is drawn through three x values (near optimal concentra-
tion) to represent co~ x '

III. THE q DEPENDENCE OF THE NEUTRON
STRUCTURE FACTOR

A. Three-band models for Y-Ba-Cu-0 and La-Sr-Cu-0

In the Y-Ba-Cu-0 system LDA calculations indicate
that the Fermi-surface shape is rotated by 45' relative to
that predicted from a nearest-neighbor, tight-binding
scheme. By contrast these same calculations indicate

cy which is derived from our auxiliary boson calculation
of the renormalized band structure for the Y-Ba-Cu-0
family. Here the parameters are chosen to be those used
throughout the paper for the spin dynamical calculations.
In this way the energy scales associated with structure in
g (q, co) are compared with the band energy scales mea-
sured in the plasma frequency. This figure indicates that
the band narrowing effects of the present strong- U theory
correspond to those determined from the measured plas-
ma frequency. Equally important, as the insulator is ap-
proached co —+0 as a consequence of the vanishing of the
renormalized hybridization V d. This behavior rejects
the growing localization of the Cu states. It demon-
strates how the Fermi-liquid state breaks down as the in-
sulator is approached.

The above observations suggest an alternative, more
phenomenological approach to incorporate strong- U
effects. Rather than use the auxiliary boson scheme as
our starting point, we have found that similar results for
the spin dynamics obtain if we take the ratios of the
tight-binding band parameters from, say, the LDA
scheme and fit their overall energy scale to the measured
plasma frequency. In this way the band shapes are con-
strained via LDA calculations or angle-resolved photo-
emission experiments while the bandwidths narrow in a
fashion dictated by the plasma frequency. Such a phe-
nomenological approach implicitly includes a tendency
towards Cu localization and thus incorporates the even-
tual breakdown of the Fermi-liquid state in much the
same way as the auxiliary boson scheme.
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that in the La-Sr-Cu-0 family' the Fermi surface corre-
sponds rather well to a Cu02 layer in which both
nearest-neighbor (Cu-0) and next-nearest-neighbor (O-O)
hopping processes are included. In this way the Fermi
surface is represented by the diamondlike shape slightly
modified by these higher-order hopping processes. ' [A
plot of this Fermi surface is shown in Fig. 2(a)]. It fol-
lows, then, that the two cuprates have Fermi surfaces
which are, roughly, related by a 45' rotation. As will be
emphasized throughout, this rotation leads to very
difterent nesting structure, which in turn is refIected in
the q dependence of S(q, co).

This rotation has been most extensively discussed in
Ref. 9. There it is claimed to be associated with the hy-
bridization between the apical oxygen and the planar Cu
and appears to persist throughout the range of metallic
oxygen concentrations. We are not aware of any tight-
binding parametrization in the theoretical literature for
describing the planar bands of Y-Ba-Cu-0 within the
usual three-band model. The present calculations deter-
mine these parameters on phenomenological grounds.
Here we model this band structure by including second-
nearest-neighbor oxygen-oxygen overlap integrals (via
t'z) in the tight-binding Hamiltonian of Eq. (1). In prin-
ciple, these may be viewed as arising via 04-02 interac-
tions.

Figures 2(a) and 2(b) correspond to the Fermi surfaces

y

YBo&Cu&0&

FIG. 2. Calculated Fermi surface using present strong-U
theory for (a) La& „Sro»Cu04 and (b) YBa&Cu307. The inset
shows the measured (solid circles, Ref. 6) and LDA-calculated
(dashed lines, Ref. 7) Fermi surface for YBa2Cu307.

of La2 „Sr„Cu04 with x =0.18 and YBa2Cu307, respec-
tively, which are derived from the Hamiltonian of Eq. (1),
solved within the mean-field approximation and using the
following parametrizations. For the La-Sr-Cu-0 family
we chose the parameters such that (in the "hole" picture)
e —ed=4 eV, V.d=0. 6 eV, and the (nearest-neighbor)
oxygen-oxygen overlap t = —0.2 eV. Similarly, for this
case we also studied the electron picture with E'p 'Ed 4
eV, Vd =1.6 eV, and t =0.4 eV. The latter parametri-
zation is reasonably consistent with ab initio values in the
literature, whereas the former requires a smaller value
of the Cu-0 overlap in order to produce the Mott insulat-
ing state at half filling. ' Unless indicated otherwise, all
results presented in this paper are insensitive to which of
the two pictures is used (within factors of order unity).
For definiteness, all figures are based on the first parame-
trization. For the Y-Ba-Cu-0 family we did not explore
the two alternate descriptions in as much detail and here
describe results for the electron picture. However, based
on our experience with La-Sr-Cu-O, a hole-based ap-
proach would lead to equivalent results.

In Y-Ba-Cu-O, to achieve the Fermi-surface rotation,
we included both first- and second-neighbor oxygen-
oxygen overlaps called, respectively, t and t' . In order
to obtain reasonable agreement with the measured (and
calculated) Fermi-surface shape, we chose V~& =1.29 eV,
c —cd =5 eV, and t =1.2 eV and t' = —1.0 eV.
Slightly smaller values of these last two parameters can
also be used to effect the rotation (t =0.9 eV and
t„'z = —0.6 eV) although the shape of the calculated Fer-
mi surface at I better matches that deduced experimen-
tally in the first case. For that reason we focused on this
first parametrization. One may view the relatively large
oxygen-oxygen overlap parameters as simulating more
extended hopping processes, which are truncated in the
usual tight-binding scheme.

It should be noted that in our large-U formalism, the
dominant contribution to the Lindhard function comes
from planar Cu d electrons, while the Fermi-surface rota-
tion is eFected through higher-order oxygen hopping pro-
cesses. In this way we have essentially separated the
states which are responsible for the spin dynamics from
those which lead to the rotation of the Fermi surface. As
will be shown in more detail below, numerical calcula-
tions establish that the Lindhard function depends most
strongly on the shape of the Fermi surface and is less sen-
sitive to the detailed parametrization which we have in-
voked to fit the fermiology.

For definiteness, in the Y-Ba-Cu-0 family we take the
hole concentration x to be 0.18 in order to simulate the
06 7 cuprate and x =0.36 to correspond to 07. The pre-
cise values of x are difIicult to determine at this stage par-
ticularly since there is likely to be plane-chain charge
transfer in this system. We note that the energy scales
which will be presented below are not in detail sensitive
to variations in x, within the physical range of doping
concentrations. For ease in comparison we show in the
inset of Fig. 2(b), the measured (dark circles) and LDA
calculated' (dotted and dashed lines) planar Fermi sur-
faces for YBa2Cu307. Agreement between these photo-
emission data and conventional band calculations is



9062 QIMIAO SI, YUYAO ZHA, K. LEVIN, AND J. P. LU 47

surprisingly good. It should be noted from the inset that
there are actually two planar bands corresponding to the
two CuQ2 layers within the unit cell of Y-Ba-Cu-O. In-
teractions between these layers break the degeneracy of
the bands. Because of the obvious complexity we will for
the most part, treat these bands as degenerate. However,
we briefly present results for the Lindhard function con-
tribution for a two-layer system.

Given the band structure, the Lindhard functions can
be calculated in a straightforward manner. Our numeri-

cal algorithms are based on a two-dimensional generaliza-
tion of the standard three-dimensional tetrahedral
method. The latter has been used previously to address
the neutron-scattering cross section in heavy fermion
metals.

The calculated structure factor S (q, co) as a function of
q and q is shown for the La-Sr-Cu-0 system in Figs.
3(a) and 3(b) for x =0.09 and x =0.18, respectively.
Here the temperature is 1 meV and the frequency co=10
tneV. It should be stressed that while Figs. 3(a) and 3(b)
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FIG. 3. Plots of S(q, ~) vs (q, q~ ) for La2 Sr Cu04 at (a) x =0.09 and (b) x =0.18, and for YBa2Cu306 7 (c) and YBa2Cu307 (d).
Here the temperature and frequency are 1 and 10 meV, respectively, and the inset in (c) plots the Lindhard function (Jo =0) contribu-
tion for the same range of (q, q, ).
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contain the effects of nonzero spin exchange JH(q), the
general shape of S(q, co) is the same with and without J.
This is a consequence of the detailed fermiology and re-
sults from the fact that there is considerable structure in
Imp (q, co) around the Qo=(vr/a, ~/a) point. It is com-
mon in the Y-Ba-Cu-O literature to use an alternate nota-
tion for Qo=( —,', —,') in terms of reciprocal lattice units
(r.l.u. ). We will use both of these conventions inter-
changeably here. At this value of q=QO, ~ JH(q) ~

also has
a maximum, but it is still smoothly varying on the scale
of the Lindhard contribution. Consequently the spin-spin
interaction terms enhance the overall magnitude of
S (q, co) near Qo, but do not change its shape.

For both concentrations, the structure around the Qo
point consists of four maxima along the four corners of a
square, with a minimum of Qo. For the higher x value
this incommensurate structure near Qo contains a mix of
two components which we characterize as the "band-
structure" singularity term and the "nesting" contribu-
tion. The latter is associated with a dynamical Kohn
anomaly (related to the two-dimensionality) and
enhanced by nesting. It may be seen quite generally that
for some values of q there will be singular contributions
to S(q, co) arising from the two-dimensional (2D) tight-
binding band structure. These terms, which appear as
spikes in Fig. 3(b) are reminiscent of the 2D Van Hove
singularity in the (one-particle) density of states, and
may be traced to the delta-function contribution
5(E„(k+q)—E„(k)+co) to Imp (q, co). In this way, they
represent singularities in the "two-particle" density of
states. The Fermi-function contributions which multiply
these terms in Eq. (3b) give rise to the nesting component.
The band-structure singularities are temperature indepen-
dent, whereas the nesting features are not. Thus the
former remain strong (although reduced in amplitude)
with increasing temperature. Inclusion of lifetime effects
will, however, lead to some T suppression of these and
other peak structures. Furthermore, we find that these
singularity terms are sensitive to the details of the band
structure and, for different parametrizations, need not be
as close to the Kohn anomaly contributions as shown in
the figure.

The relative position of the two contributions to
S(q, co) changes significantly with x, primarily as a result
of the changes in the nesting vectors. In the case of Fig.
3(a), because x is sufficiently small, the band-structure
singularity does not significantly overlap the nesting
features, so that it is not visible on the scale of the figure.
In this case, structure around Qo derives entirely from
nesting. At the higher value (x =0.18) of Fig. 3(b), the
four "spikes" associated with the singularity are clearly
visible and nearly overlap the nesting contribution. At
still higher x the relative position of the two contribu-
tions is inverted and the singularity structure dominates
the topography around Qo.

A similar competition between nesting and 2D band-
structure singularity contributions may be seen in the
Lindhard function of the Y-Ba-Cu-0 family. This Lind-
hard contribution to S (q, co) is plotted in the inset of Fig.
3(c) for the 06 7 case. Because of the 45 rotation of the
Fermi surface, there is no nesting structure associated

with the Qo direction. This is in clear contrast to the re-
sults of Figs. 3(a) and 3(b) which indicate that La-Sr-Cu-
0 (unlike Y-Ba-Cu-0) has a clear predisposition towards
these Qo "antiferromagnetic" peaks arising from its
Fermi-surface shape. In Y-Ba-Cu-O, as shown in the in-
set, nesting leads to the inner and outer ridge structures,
whereas the band-structure singularity gives rise to other
peaks along q -0 or q -0, which are located beyond
the range of the figure.

In striking contrast to the case of zero JH(q), is the be-
havior for physical values of the exchange interaction.
The main portion of Fig. 3(c) shows the effects of finite
JH(q) in YBa2Cu306 7. Because of the relatively ffat to-
pography of the Lindhard function around the
(vr/a, vr/a) point, when finite J is included in the spin dy-
namics, it produces a (commensurate) maximum at Qo.
This peak directly refiects the q dependence of JH(q) of
Eq. (2). Similar effects are seen in Fig. 3(d) for the
YBa3Cu07 system. These figures will be discussed in the
context of more detailed experimental comparisons later
in this section. Nevertheless, it should be noted here that
the present calculations can provide an explanation for
the observed ' incommensurate peak structures in
La-Sr-Cu-O, with associated temperature dependent
widths, and the commensurate peaks ' in Y-Ba-Cu-0 (at
reduced oxygen stoichiometries) with temperature
independent magnetic correlation lengths. The former
arise from the details of the Fermi-surface shape, the
latter from the q dependence of the exchange interaction.

While we have emphasized the one Cu02 layer model
thus far, the unit cell in Y-Ba-Cu-0 actually consists of
two interacting layers. Evidence for electronic coupling
of the bilayers is provided by photoemission data which
are indicated in the inset of Fig. 2(b). This electronic
coupling is also present in the LDA-derived band struc-
ture, also shown in the inset. It is therefore clear that a
full calculation of this Lindhard function should include
the bilayer coupling. Because a full bilayer, multiband
renormalized band structure is dificult to implement,
here we consider a slightly oversimplified model in order
to illustrate the effects (of bilayer coupling only) on the
Lindhard function g . This discussion is included pri-
marily to justify the one-layer approximation to the Lind-
hard function by showing that there are no qualitative
changes in the contribution of the CuOz planes as a result
of interlayer coupling. The important effects of interlayer
magnetic correlations have been discussed by Zha, Si,
and Levin' and are essential to include, if one is to un-
derstand the observed q, modulation in this cuprate.
We have found that g (q, co) is more sensitive to the shape
of the Fermi surface than to the details of the parametri-
zation; therefore, we believe the one-band model is ade-
quate for our purposes.

Here we consider a two-layer tight-binding model
which is assumed to contain only one species of atoms.
In this case the electronic dispersion is given by

E, &=E—2t&(cosk a+costa)+4t2cosk a cosk a+2t3,
(5a)

E2 &=E—2t, (cosk„a+cosk a)+4t~ cosk a cosk a —2t3,

(5b)
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where t, and t2 are the first- and second-nearest-neighbor
hopping terms between atoms in each layer, respectively,
and t3 the hopping term between two atoms in different
layers. We chose the parameters t& =0.25 eV, tz=0. 125
eV, t 3

=0.043 75 eV, and the Fermi energy EI; —c
= —0.2875 eV in order to match the Fermi-surface shape
with that deduced experimentally. The resulting Fermi
surfaces, shown in the inset of Fig. 4 have a splitting
which is in reasonable agreement with what is expected
on experimental grounds. [See inset of Fig. 2(b)j.

The Lindhard function for this case (corresponding to
the experimentally deduced Fermi surfaces in the fully
oxygenated limit) is plotted in the main portion of Fig. 4.
Comparison with the inset of Fig. 3(c) indicates that there
are no qualitative differences. The slightly smaller
volumes of the two Fermi surfaces shift the inner ridge
structure towards Qo, relative to the one-layer case
shown in the inset. Thus for physical values of the in-
terlayer hopping, our results for the JH(q) =0 case are
well represented by a one-layer model. It is reasonable to
assume that this situation also persists in the presence of
JH(q), although here it will be important to include the
strong interlayer antiferromagnetic coupling discussed in
Ref. 38 and in Ref. 16 by Zha, Si, and Levin.

We turn now to studies of various projections of these
3D plots along both the directions containing the peak
maxima and along other symmetry points. The calcula-
tions in these plots can be more directly compared with
experiment for the two cuprates, since the counterpart of
the full 3D plots has not yet been obtained experimental-
ly. A plot of the structure factor corresponding to Fig.
3(a) along the zone diagonal direction is shown by the
upper panel in Fig. 5(a). The lower panel presents a pro-
jection of the 3D plot which intersects two of the four
maxima on the figure. In both panels the top curves cor-

Y —'-

FIG. 4. Plot of Lindhard contribution to S(q, co) vs (q, q~) at

q, =m for the two CuO& layer described in the text. Associated
Fermi surfaces are shown in the inset.

respond to a temperature T =1 meV and the bottom to
T =10 meV. To specify our coordinate system we define
the vector (~, ir )=(q +6/2, q

—5/2), where 6=0. 18
measures the incommensurability of the wave vector at
which the structure factor is a maximum. The maximum
wave vector thus corresponds to ((1+5)ir/a, n/a) and
(m/a, (1+6)ir/a). It may be seen that the nesting struc-
ture is relatively similar in the two directions.

By contrast the same plot for x =0. 18 in Fig. 5(b)
shows that the zone side peaks are higher and the
minimum clearer than the counterparts in the diagonal
plot. Here the zone side (I~, lr) direction intersects the
band-structure singularity contributions, which were dis-
cussed above. It is these terms which yield sharp spikes
in S(q, co). Furthermore, the minimum at the Qo point is
deeper. In this case, the incommensurate wave vector
corresponds to 6=0.33. It may be seen that the effects of
temperature are different in the two directions. The
sharp peaks are not affected by thermal smearing as
shown in the lower panel, whereas the diagonal peaks be-
come unresolvable, at the higher temperature.

It should be noted that three-dimensionality as well as
quasiparticle lifetime effects along with finite instrumen-
tal resolutions will lead to a considerably broadened
structure in any real experiment. Furthermore, because
of the temperature dependence of the lifetime,
(
—ImX —T), it is likely that the sharp singularity struc-

ture will be progressively broadened as temperature in-
creases. When these effects are included, our
temperature-dependent results can be brought into
reasonable agreement with recent data reported by
Cheong et al. Furthermore, as will be discussed later,
the magnitude of the incommensurability as well as its x
dependence is also consistent with these experiments.

We turn now to similar projections of the 3D structure
factor for the Y-Ba-Cu-0 system. Here, also, the upper
and lower panels correspond to diagonal and off-diagonal
plots. The temperature is taken as 1 and 11 meV for the
upper and lower of each pair of curves within a panel.
The diagonal plots in Fig. 5(c) correspond to
YBa2CU306 7 Here it may be seen that the half width
(b,q =0.22) is rather large and essentially T independent.
This follows from the fact that the peak around Qo
derives from the q dependence of JH(q), which was dis-
cussed in Eq. (2). This exchange interaction was found in
our calculations' to be relatively T independent. The
smaller side peaks shown at lower temperatures are relat-
ed to nesting and disappear as expected upon heating.
The off-diagonal plots shown in the two lower panels cor-
respond to S (Q*,co) along the Q* = ( —,', K) direction.
Here, too, the subsidiary peaks are T dependent and thus
related to nesting.

Similar studies of the fully oxygenated case are shown
in Fig. 5(d). In the diagonal direction, the half width
Aq-0. 3 is larger than in the O6 7 case, although it is
similarly T independent. All subsidiary maxima are nest-
ing effects. Plots of the Q dependence along the
Q*=(—,', K) direction are shown in the lower panels. In
this off-diagonal direction all secondary maxima shown in
the figure are also consequences of nesting. For this (ro-
tated) Fermi surface, the band-structure singularity effect
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(similar to that discussed above for the La-Sr-Cu-0 fami-
ly) is associated with q, or q =0. These effects are not
visible on the scale of Figs. 5(c) and 5(d).

Because of the reduction in overall amplitude of the
neutron-scattering intensity in the fully oxygenated case,
(relative to 067), these figures, as a whole, suggest that
the O7 q structure may only be seen with some
difficulty. Evidently, reductions in peak intensity of a
factor of 2 may make this peak structure difficult to ob-
serve. We estimate, that even with a slightly larger Jo it
is unlikely that this reduction will be less than a factor of
2.

B. Comparison with one-band models:
Incommensurability effects

In order to assess the generality of our results we have
also considered some simple one-band (one-layer) Hub-
bard models, with and without next-nearest-neighbor
hopping t2. Variations in this latter parameter, along

with variations in the hole concentration x, enable us to
simulate the quasirealistic Fermi surfaces of Figs. 2(a)
and 2(b) for the La-Sr-Cu-0 and Y-Ba-Cu-0 systems. It
is important to stress, however, that the present approach
introduces (Coulomb renormalized) tight-binding param-
eters which are dependent on the hole concentration x.
Thus a fit to the one-band models necessarily implies that
the various hopping parameters are also x dependent. In
this section, we will monitor how changes in the fermiol-
ogy lead to changes in the Lindhard function with partic-
ular emphasis on the incommensurability vector in
La-Sr-Cu-0 systems. In addition to studying the q struc-
ture in y (q, n»), we will also compare the effects of a q-
dependent J on S(q, n») with those deriving from the q-
independent Coulomb parameter U. The latter replaces
JH(q) in Eq. (3a) (and its one-band generalization), in the
standard RPA theory. ' Finally, we address the compar-
ison between energy scales of the one-band RPA theory
and the present three-band, Coulomb renormalized,
strong- U approach.
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FIG. 5. Wave-vector dependence of the structure factor at co= 10 meV, and for low ( T = 1 meV) and moderate ( T = 10 meV) tem-
peratures. The upper and lower panels in (a) and (b) correspond to the diagonal and off-diagonal [intersecting the absolute maxima in
S (q, ro) ] scans for x =0.09 and x =0. 18, respectively. Similar diagonal [Q= (q, q) ] and off-diagonal Q*= ( —', q ) = ( m /a, q» ) scans are
shown for the Y-Ba-Cu-0 system in (c) and (d).
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We have reproduced the three-band-calculated shapes
of the Fermi surface in both cuprates within the one-band
models at each x value. Rather large values of
t z /t, =0.5 are needed to obtain the rotated Fermi sur-
face of YBazCu307. Here t, is the nearest-neighbor hop-
ping matrix element. For tz/t]:0 ~ 25 the Fermi surface
of the Hubbard model with x =0.18 reproduces quite
well the La-Sr-Cu-0 three-band results of Fig. 2(a).

It is important to stress that in the La-Sr-Cu-0 system,
once the Fermi-surface shape is properly matched, both
the one-band and three-band models yield a similar q
structure in the neutron cross section. Thus the shape of
the structure factor shown in Figs. 3(a) and 3(b) is "gener-
ically" associated with the usual cuprate (diamondlike)
Fermi surface, seen in Fig. 2(a). This follows because the
q dependence in S(q, co) is dictated primarily by the Lin-
dhard function. The effects of the RPA denominator
[1—Uy (q, co)] or its counterpart in the three-band mod-
el [1—JH(q)y (q, co)] do not change the shape of the
dynamical structure factor, only the peak height. By
contrast in the Y-Ba-Cu-0 system, the two models give
very different results, even when the Fermi-surface shape
is constrained to be the same. In the present, three-band
case, commensurate peaks at Qo appear in S ( q, co ) as a
consequence of the q dependence of the exchange interac-
tion J~(q). In the one-band case, the RPA denominator
introduces no new q dependences and the entire q struc-
ture in the cross section is dictated by the Lindhard func-
tion. Consequently in the one-band RPA-Hubbard mod-
el, with the rotated Y-Ba-Cu-0 Fermi surface, one would
have difficulty explaining the existence of antiferromag-
netic peaks.

In the remainder of this section we concentrate on the
La-Sr-Cu-0 family where the one- and three-band models
are reasonably similar. We address both the relevant fre-
quency scales as well as the x dependence of the incom-
mensurability vector. It is clear that even though the q
dependence can be made to coincide, the dynamical ener-
gy scales have a different origin. In the one-band Hub-
bard, RPA approach ' to obtain the characteristic low-
energy scales observed in the spin dynamical experi-
ments, it is important to include the RPA (denominator)
contribution to y(q, co) =y (q, co)/[ I —Ug (q, co)]. In
this way when the maximum of Uy (q, 0) is chosen to be
close to unity, the antiferromagnetic spin Auctuations will
be sufficiently soft to explain the low-energy scales
( —10—20 meV) seen in NMR and neutron experiments.
By contrast in the present approach, narrow bandwidths
combined with antiferromagnetic spin Auctuations of
moderate strength can produce these same low-energy
scales.

Comparison of the x-dependent incommensurability
vector in the one- and three-band approaches yields a fur-
ther important difference. Without a Coulomb renormal-
ization of the band parameters (with x), the incommen-
surability vectors in the one-band case are only weakly x
dependent. This leads to inconsistencies with the experi-
mental observation that

5(x)-2x .

More specifically, in the presence of a nonvanishing tz

term, the x =0 point plays no special role. For this
reason the incommensurability is expected to remain
nonzero at x =0. ' This situation is to be contrasted
with the limit tz =0. Here, perfect nesting at half filling
leads to a vanishing of 6(x) at this point. While this
feature is in agreement with experiment, when tz =0, the
size of the incommensurability is too small to explain the
data away from x =0. Indeed, the tz=0 case has the
wrong Fermi-surface curvature to be consistent with the
sign of the Hall effect. ' For this reason, even if spin
dynamical data were unavailable, this case has to be con-
sidered unphysical.

The nature of the q structure in the dynamical struc-
ture factor can be readily followed as a function of the
size of tz. Associated with smaller tz are two general
features: the incommensurability tends to decrease in
magnitude while the depth of the minimum at the
(~/a, vr/a) point tends to become deeper. To make the
above remarks more quantitative, we present plots in
Figs. 6(a) —6(c) of the magnitude of the incommensurabili-
ty vector 5(x). Here, for simplicity, we consider the
effects of the Lindhard function alone. We have found
that in all models (appropriate to the La-Sr-Cu-0 sys-
tem), the RPA correction terms do not significantly
change the position of the maxima in q.

Figure 6(a) plots the incommensurability calculated (at
co —10 meV) using the present strong-U theory. As
shown in the inset which replots data from Ref. 5, this
figure is in reasonable agreement with experiment for
x & 0.2; above this hole concentration there are no exper-
imental data. Because of Coulomb renormalization, the
bands become progressively more narrow as x~0. In
this way the spins become localized at the half-filled limit,
as is expected of a Mott insulator. At x =0 the system
can be described as a collection of Heisenberg spins
(which interact antiferromagnetically). Consequently
the structure in the spin dynamics is associated with the
Qo point. It is important to stress that in our theory the
insulator is approached smoothly so that, even though
our Fermi-liquid calculations are not appropriate for
x =0, the finite x case extrapolates continuously to this
limit. It should also be clear from the discussion in Sec.
II B that this behavior of the continuously decreasing in-
commensurability is also related to the continuous de-
crease in the plasma frequency as the insulator is ap-
proached.

While the magnitude of the incommensurability is
reasonably well described by 5(x)-2x for x &0.2, we
find that at sufficiently large x, the incommensurability
begins to deviate from this linear dependence. This can
be traced to the fact that the Coulomb renormalization of
the tight-binding Hamiltonian parameters becomes pro-
gressively less important as the system becomes increas-
ingly more metallic. Ultimately, the Fermi surface of the
renormalized band structure is similar to that of the
tight-binding case and the incommensurability loses its
strong x dependence and begins to saturate, or even de-
crease slightly.

The rather good agreement between experiment and
the present theory found in Fig. 6(a) may be contrasted
with the results of Fig. 6(b). Here the incommensurabili-
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ty in the one-band Hubbard case is plotted for a parame-
trization (t2/t, =0.25) in which the Fermi surface at
x =0.18 is fitted to that of the three-band model. As not-
ed above, the magnitudes of the incommensurability for
moderate x are in reasonable agreement with experiment,
but the x dependence is incorrect particularly at small x.
A similar plot of the results for the limit t2=0 is shown
in Fig. 6(c). Here, the extrapolation to the x =0 limit is
correct; however, the magnitudes of both 5(x) and slope

0.4

0.3

0.2

d5/dx are too small. These differences point to the im-
portance of incorporating both reasonable Fermi-surface
shapes, as well as strong Coulomb correlations (which are
responsible for our x-dependent, Coulomb renormalized
band structure).

We have brieAy explored the frequency dependence of
the incommensurability vector. This issue is complicated
by the fact that the incommensurability arises from both
nesting and singularity terms. The former are co indepen-
dent, whereas the latter are not. These singularity contri-
butions approach Qo as co —+0. The net frequency depen-
dence appears to be strongly dependent upon the amount
of weight in S(Qo, co) at moderate frequencies co —10
meV. When this weight is low, we find the frequency
dependence of the incommensurability to be essentially
negligible, as was illustrated implicitly in Ref. 15, and as
seems to be the case experimentally.

O. l

IV. ENERGY SCALES IN MAGNETIC DATA:
co AND T DEPENDENCE
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FIG. 6. Magnitude of incommensurability vector vs x in
La2 Sr„Cu04 for Coulomb renormalized three-band case (a),
for one-band t2/t& =0.25 case (b), and for one-band t& =0 limit
(c). The inset on (a) is from Ref. 5. The solid lines are guides to
the eye.

In this section we discuss the frequency and tempera-
ture dependence of the dynamical structure factor and
the related (low) energy scales of the Fermi liquid. We
plot our results as Imp(q, co) rather than S(q, co), in order
to separate out the boson factor. The latter contributes
to frequency and temperature dependences which do not
reAect the microscopic details of the system. For the
Y-Ba-Cu-0 family we focus on the Qo=(m/a, vr/a) .point
and for the La-Sr-Cu-0 system we study the behavior
around Q', where Q'=0. 91(QO) for x =0.09 and
0.85(QO) for x =0.18. In this way, for both cuprates, the
q values considered are at the maxima along the zone di-
agonal direction in the cross section.

In the YBa2Cu30& systems, peaks have been ob-
served ' in S(Qo, co) as a function of co. In all cases the
oxygen concentration 5 was less than 7. This peak
structure is washed out as the temperature is increased so
that at high T the behavior of Imp(Qo, co) appears to be
linear in m and T '. Neutron data have revealed maxi-
ma in S(Qo, co) at co-8 meV for 5=6.5 and co-25 meV
at 5=6.7. In a general Fermi-liquid picture, for a Qo
comparable to the Fermi wave vector, Imp(Qo, co) in-
creases montonically until slightly below the Fermi ener-
gy EF, at which point it decreases rapidly to zero. Thus
peak structure, when it is significantly below EF, may be
associated with fine structure in the density of states,
such as Van Hove effects. Here the Van Hove energy
EvH corresponds to the separation between the Van
Hove singularity and the Fermi energy. The frequency-
dependent neutron data suggest that in this family of cu-
prates a characteristic electronic energy scale is roughly
25 meV for O6 7 and decreases progressively as the insula-
tor is approached. It should be stressed that because the
peaks are associated with the low-T regime, it is impor-
tant to ascertain that they are a consequence of the nor-
mal, rather than superconducting state. The clearest evi-
dence for their role in the normal state is the observation
of 25-meV peaks at 75 K in a T, =59 K sample. Further-
more, one may argue that the frequencies are sufficiently
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pressive scaling (i.e., with a "normalization" factor which
is only weakly co dependent ) of S(Q', co) for intermedi-
ate ( T ) 5 —8 meV) and higher temperatures. Similar
studies can be made for the Y-Ba-Cu-0 system where the
Van Hove energies are considerably higher. Here we pre-
dict that scaling will be less apparent than in the La-Sr-
Cu-O family. Similar scaling effects have been reported
experimentally for this latter compound, although a
complete survey of arbitrary wave vectors has not been
undertaken. Results for this predicted scaling behavior
are presented by Zha, Si, and Levin. '

Analogous plots of the frequency dependence of
Imp(QO, co) for the Y-Ba-Cu-0 system are presented in
Figs. 7(c) and 7(d) at the two oxygen stoichiometries. For
sufficiently small temperatures, the Van Hove energy
[softened by JH(q)I leads to this peak structure. Here
the maximum occurs at ~-25 meV for both cuprates
and the Van Hove energy EvH-28 meV for 06 7 and
EvH -25 meV for 07 are of the same scale. It is impor-
tant to stress that for the 06 7 system, the experimentally
observed position ' of the frequency maximum is con-
sistent with these calculations. For higher oxygen con-
centrations the sharp maximum in Imp versus m may not
be visible since the normal-state temperatures are rela-
tively high. In this context we note that the highest T
plot in Fig. 7(d) is consistent with the observations of
Bourges et aI. on the fully oxygenated system. It is

worthwhile reiterating here the point that strong
Coulomb correlations and associated narrow band effects
necessarily lead to the low Van Hove energies, ' shown in
Fig. 7.

We end this series of figures by noting that the low-
frequency behavior shown in Fig. 7 does not exhibit the
"spin gap" effect reported in recent experiments ' on
Y-Ba-Cu-O. It is not yet clear whether this low-
frequency decrease in the spectral weight is a conse-
quence of the superconductivity or is a normal-state
effect. As will be shown below, for low co, in
temperature-dependent plots as well as in plots of the Cu
1/T, versus T, we do find a very slight indication of a
so-called normal-state "spin gap" which we associate
with the Van Hove effect. Further data is required to
determine the origin of the experimental spin gap and its
correlation with superconductivity in both Y-Ba-Cu-0
and La-Sr-Cu-0 systems.

Figures 8(a) —8(d) illustrate the temperature depen-
dence of the neutron cross section at the q point where
the intensity is maximum along the zone diagonal. Here,
again, we focus on Imp. We have found a maximum at
the lowest frequencies which occurs as a function of tem-
perature at roughly 0.6 of the Van Hove energy for both
cuprates. This maximum is further softened by spin-
fluctuation effects. For La2 Sr Cu04 at both values of
x =0.09 and 0.18, the maximum is not visible on the
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scale of Figs. 8(a) and 8(b), due to the relatively small Van
Hove energy in these systems. Hence Imp(Q', co) appears
to decrease monotonically as a function of T. By con-
trast, Figs. 8(c) and 8(d), which are appropriate to the
Y-Ba-Cu-0 system, exhibit a low-temperature ( T —8
meV) peak at the lowest frequencies studied. This tem-
perature is of the same order of magnitude, although
somewhat lower than that observed in Ref. 4 for this oxy-
gen stoichiometry. In addition, the higher-frequency
(co —33 meV) monotonic behavior appears to be con-
sistent with the data in both Refs. 3 and 4.

V. NMR CALCULATIONS

where coo is the nuclear magnetic resonance frequency
which can be taken to be zero. Here a and 13 label princi-
pal axes. The prime on the summation in Eq. (7) is over
principal axes perpendicular to the field orientation a.
The calculations of the present paper are based on the
"standard models" for the hyperfine coupling constants'

dd, A~p, and Apd.

dd('q) ~dd( ( ~dd/~dd )

+2(B/Add )[cos(q„a)+cos(q a) j), (8a)

&dd(q) = A (did+2(B/A )d[dc s(oq a)+cos(q a)]),

A~ d (q) =2 A~d cos(q a /2),

d(q) =2 2 d cos(q a /2) .
Py

(8b)

(8c)

Of central concern in analyzing NMR data, ' are
the temperature dependences found for the Cu and 0
sites. In YBazCu307 a Korringa (1/T& ~ T) dependence
occurs at both sites below T-120 K. Above this T the
oxygen NMR remains linear and the Cu relaxation begins
to vary more slowly. The behavior away from optimal T,
as well as the NMR characteristics in the La-Sr-Cu-0
family are more complicated. In general, at the lowest T
of the normal state, the Cu NMR seems compatible with
a linear temperature dependence, as in a canonical
Fermi-liquid state. This behavior quickly gives way to a
tendency towards saturation as T increases above T, .
Oxygen data are consistent with Korringa behavior
(1/T& o- T) in cuprates, near optimal stoichiometry over
the entire normal-state regime. However, away from op-
timal stoichiometry (and in La-Sr-Cu-0) there appear to
be deviations from this law, so that an approximation
such as 1/T, ~y(T)T might be more appropriate. The
deviations from a strict Korringa dependence thus reQect
the T dependence of the static uniform susceptibility.

Here we focus primarily on the Cu relaxation, which is
expected to be more directly related to neutron data. As
we will show below, the experimentally observed relaxa-

The NMR relaxation rate is given by

(1/T, ), =( T/2N„„) g' g g Ag (q) Ag (q)
P r'r" q

XI'„„(q,coo)/coo, (7)

tion at the O site is less easily understood in the context
of the standard transfer hyperfine model which is subject
to the constraints imposed by neutron data. We argue
that the narrow Korringa "window" at the Cu site sug-
gests a breakdown of canonical Fermi-liquid behavior
above a low characteristic temperature (energy). Further
NMR support for a low-temperature Fermi liquid comes
from overdoped cuprates, ' where we have access to
higher temperatures in the normal state. These materi-
als, with reduced T„show a more extended Korringa re-
gime which, as the superconductivity is suppressed, ex-
tends to lower and lower temperatures. In the remainder
of this section we discuss the origin of the low- ("cross-
over") energy scale in the context of NMR data. We
define the NMR energy scale operationally as the temper-
ature above which Cu NMR exhibits deviations from the
canonical Fermi-liquid Korringa dependence. For
La2 Sr Cu04 this deviation occurs between 50 and
100 K for a range of x values around 0.15. (Indeed, this
observation forms the basis for our phenomenological
choice of Jo/J, .) For YBa2Cu30s we estimate that the
deviation temperature is roughly 150 K for 5=6.5; re-
sults in the literature suggest that this temperature cor-
responds to —120 K for 6=7. Although there is still
considerable uncertainty in these numbers, it is clear that
the characteristic NMR energy scales are of the order of
—10 meV or somewhat less.

Results for the Cu and 0 NMR are derived within the
standard hyperfine coupling model, using the same
S (q, co ) which was shown to be reasonably consistent
with neutron measurements in both Y-Ba-Cu-0 and
La-Sr-Cu-O. Here we do not address Knight shift data.
Spin susceptibility calculations for slightly different pa-
rametrizations have been presented elsewhere' and for
optimal stoichiometry generally lead to Pauli-like tem-
perature dependences. However, at lower x we fail to
find the experimentally observed decrease in spin suscep-
tibility with decreasing T. It may be speculated that
this requires a theory which goes beyond the RPA treat-
ment of the present calculation. It has, furthermore,
been argued in the literature that this T dependence is re-
lated to the low-frequency "spin gap" effect observed in
neutron data. As yet, we have not addressed either of
these issues.

Our calculations of the Cu and 0 relaxation rates in
La-Sr-Cu-0 are presented in Figs. 9(a) and 9(b) respec-
tively. The Cu 1/Tj indicates a deviation temperature of
60 K for x =0.09 and 70 K for x =0.18. Below these T,
the behavior is Korringa-like. These temperatures,
which are in rough agreement with those measured ex-
perimentally, reAect the coherence energy scale T, h. We
have found' that the deviation occurs at temperature
slightly lower than T„h, at which point band-edge effects
begin to be felt and the Cu NMR begins to saturate. The
Van Hove energy, which is considerably lower than T„h
for this cuprate, plays a relatively minor role in the nu-
clear relaxation. This follows because 1/T~ involves con-
tributions from all q, so that this singularity is effectively
integrated out. At the Van Hove temperature we find a
rather weak residual feature which occurs in the Korrin-
ga regime. However, for La-Sr-Cu-O near optimal
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stoichiometry (where the Van Hove energies are extreme-
ly low) it is expected to be hidden by the superconductivi-
ty.

The oxygen nuclear relaxation is generally assumed to
arise via "transfer hyperfine" coupling, ' ' so that the
Cu spin-susceptibility component also relaxes the 0 sites.
In this standard picture, oxygen can exhibit Korringa be-
havior, even when Cu NMR begins to saturate as a
consequence of form factor cancellation effects: the con-
tribution from a sufficiently sharp (antiferromagnetic)
peak in Imp(QO, co-O) will cancel out on the oxygen site
under ideal circumstances. However, we have found that
this cancellation is imperfect due to the small size of the
magnetic correlation length as well as to incommensura-
bility effects. Because our calculations of Imp(q, co) are
consistent with neutron data in both cuprates, we believe
that this failure of the form factor cancellation arguments
is a general result which may reAect the incompatibility
of neutron and (oxygen) NMR measurements when the
latter are described by the standard model in the litera-
ture. Similar claims have been made in a recent paper.
If in more conclusive measurements 1/T, at the 0 site
shows no evidence of a "leakage" of the Cu T depen-
dence, one may be led to wonder whether mechanisms
other than the transfer hyperfine relaxation may need to
be included for a full understanding of the oxygen NMR.

The behavior of the Cu and oxygen relaxation is shown

for the Y-Ba-Cu-0 family in Figs. 9(c) and 9(d). The re-
sults are rather similar to those of La-Sr-Cu-O, except
that the linear regime persists to somewhat higher tem-
peratures. As noted above, the 25 —30 meV Van Hove
energy scale (which plays an important role in neutron
data at fixed q=Qo) is relatively unimportant for the
NMR relaxation. Thus, it may be argued that even
though NMR and neutron data reveal energy scales of
the order of tens of millielectronvolts, these energy scales
derive from different details of the quasiparticle energy
dispersion. Nevertheless, the fact that these energies are
of comparable magnitude reinforces the picture that they
both represent the generally low-energy scales of the
Fermi-liquid band structure. Comparing the relative size
of I/T, for different oxygen concentrations [Fig. 9(c)],
shows that the 1/T, at the Cu site is about three times
larger in the reduced oxygen sample. This difference is in
the right direction, but somewhat larger than that ob-
served experimentally.

As found in the La-Sr-Cu-0 system, the transfer
hyperfine relaxation does not yield ideal Korringa behav-
ior on the 0 site, as would be expected for the 07 system.
This result is again consistent with imperfect form factor
cancellations associated with the generally large width of
the antiferromagnetic peaks. Finally, we note that the
relative size of the two oxygen relaxation rates shown in
Fig. 9(d) is inverted with respect to the data. Thus we
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find that in the transfer hyperfine case the increase in the
Cu component susceptibility with decreasing oxygen con-
tent is directly reAected in the size of the oxygen 1/T, .
By contrast, experimentally, the 07 system is found to
have the larger 1/T, . These differences again point to
our imperfect understanding of the oxygen relaxation
mechanisms within the "standard" transfer hyperfine
coupling NMR model, constrained by neutron data.

VI. LIFETIME EFFECTS

The low characteristic energy scales observed in these
spin dynamical experiments have clear implications for a
variety of other properties. Quite generally, these ener-
gies constrain the regime of validity of a canonical
Fermi-liquid picture. Above the Van Hove, spin-
Auctuation and/or coherence temperature, there will be
important corrections to the T =0 Fermi-liquid picture.
This forms an essential premise for all Fermi-liquid-based
theories ' ' ' ' ' the variations from one theory to
another all revolve around the microscopic source of the
characteristic low-energy scales. Thus the low-energy
scales are assumed to derive from near magnetism
near localization, ' ' near nesting, ' ' and low Van Hove
energies. ' ' In reality some combination of all of these
may be playing a role.

In this section, we discuss the crossover from quadratic
to linear dependence (on temperature or frequency) in the
quasiparticle lifetime. Here we focus on the role of the
Van Hove effect on the quasiparticle lifetime which has

I

dp, X (p pi Ep)
(T)=2g'

sinh(E /T)
(9a)

Similarly for the photoemission line width we have

been studied previously by others' ' ' as well as our-
selves. ' In our earlier work we argued that (I) a general
consequence of strong Coulomb correlations is to lead to
low Van Hove energies and (2) the Van Hove e6'ect is rel-
atively unique in that low-energy scales do not imply a
low-temperature saturation in the lifetime. General
electron-electron, unlike electron phonon scattering,
yields such a saturation due to the temperature depen-
dence of the electronic transport spectral function.
Specific calculations of the lifetime were presented else-
where' for the La-Sr-Cu-0 family where, because of the
band structure, the Van Hove energy is expected to be
significantly smaller than in the Y-Ba-Cu-0 system. Here
we address this other cuprate family and show that with
the parameters which seem appropriate to spin dynami-
cal data, the lifetime also appears to be linear over the
physically accessible regime. We also emphasize the en-
ergy scale at which the quadratic dependence may be
seen for future analysis of low-frequency photoemission
data. In this context we discuss some very recent inter-
pretations of high-resolution Y-Ba-Cu-0 photoemission
experiments. '

Our expression for the quasiparticle lifetime, appropri-
ate to a transport measurement is given by

1 dp)
(E, T)= —2 ImX(p, E) =g f y"(p —p„E—E )

Tp

Pl Pl

2T
tanh +coth

2T (9b)

where 0 is the volume of the Brillouin zone. These ex-
pressions result from the lowest-order or "one loop" dia-
gram. It should be stressed that these lowest-order dia-
grams are not fully self-consistent. Although, higher-
order self-energy and vertex interactions should ultimate-
ly be included, Eqs. (9a) and (9b) are the standard starting
point in the literature. Our results are summarized by
Figs. 10 and 11, which plot the lifetime as a function of T
and co, for the 07 system. Figure 10 indicates that the
characteristic crossover from quadratic behavior is
-EvH/4. Thus the Van Hove energy plays a similar
crossover role as does the Debye energy for the phonon
problem. Furthermore, the fraction of the characteristic
energy scale ( —,') which governs the transport behavior is
the same. Thus the resistivity becomes linear above
-7.5 meV, and remains linear until roughly 3 —4T„h at
which point band-edge effects become evident and correc-
tions to a (degenerate) Fermi-liquid picture must be in-
cluded. We summarize this calculation by noting that
even though the band structure of the Y-Ba-Cu-0 family
has a relatively large Van Hove energy, compared to the
La-Sr-Cu-0 system, this energy is still sufficiently small
to enable the quadratic regime in the resistivity to be ob-
scured by the superconductivity. Further support for the
size of the Van Hove energy scale in YBa2Cu306 7 comes

I

from our analysis of neutron data, which is also con-
sistent with FvH -20—30 meV.

In Figure 11 we plot the frequency dependence of the
lifetime for YBa2Cu307. Here the dependence is quadra-
tic until essentially the Van Hove energy is reached.
Above this energy scale the behavior is linear and this
linearity appears to persist to m-0. 1 eV. Recent very
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FIG. 10. Temperature dependence of the electronic com-
ponent to the resistivity (quasiparticle lifetime) in Yaa2Cu307.
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FIG. 11. Frequency dependence of the electronic component
to the T =0 quasiparticle lifetime in YBa2Cu307.

VII. CONCLUSIONS

In this paper we have emphasized the interconnection
between fermiology and spin dynamics. Within a Fermi-
liquid picture, these two are intimately related and mea-
surements of the spin dynamics can be interpreted as a
form of Fermi-surface spectroscopy. The main contribu-
tion of the present paper is to demonstrate that the
different ferrniology of the Y-Ba-Cu-0 and La-Sr-Cu-0
families is consistent with the differences observed in the
(q) dependence of the dynamical structure factor S(q, co).
Thus commensurate, temperature-independent peaks are
observed as a function of q in the Y-Ba-Cu-0 family,
whereas temperature-dependent incommensurate peaks
are found in the La-Sr-Cu-0 system.

It is important to stress that, while our calculations are
based on a particular and convenient theoretical "tool"
(the I/X expansion), the results are representative of a
class of strong-U Fermi-liquid approaches. We would ob-
tain similar results for y (q, co ) within an alternative
Gutzwiller scheme (at infinite U). We have also found
that a phenomenological rescaling of the LDA-
determined band parameters to the x-dependent plasma
frequency, yields similar results. The phenomenological
approach may be viewed as fitting the effective mass m *

via co —n/m*. The fact that the Drude fitted plasma
data behave as n /m "~0 as x ~0 is closely related to
the behavior of the renormalized hybridization V d ~0,
as x —+0, which we have used here. It should also be not-
ed that we have chosen only one parameter phenorneno-
logically, namely, the amplitude of the antiferromagnetic
coupling constant Jo, at one fixed (optimal)
stoichiometry. The wave vector, hole concentration x,
frequency, and temperature dependence of the net ex-
change JH(q) was calculated' using the same scheme as
that which led to the Coulomb renormalized band struc-
ture. The latter gives rise to the Lindhard function

high resolution photoemission experiments' on this same
system have been interpreted as providing evidence for a
co to ~ crossover at cu-10—20 meV. Our energy scale of
20—30 meV is reasonable although somewhat larger than
this interpretation would suggest.

y (q, co). In this way all x dependences are deduced.
Furthermore, this x dependence of the (various com-
mensurate and incommensurate) q structure as well as
the energy scales seem to be reasonably consistent with
experiment.

These characteristic energy scales are quite apparent
from spin dynamical measurements in the Y-Ba-Cu-0
system. They appear as maxima, as functions of frequen-
cy and temperature in Imp(Qo, co). They also appear as
the temperature below which Korringa behavior is seen
on the Cu site in NMR experiments. Their characteristic
size is of order —10 meV. For the La-Sr-Cu-0 family
these maxima have not yet been observed in neutron
data, although comparable characteristic temperatures
appear in NMR experiments. Within a Fermi-liquid pic-
ture, these represent the energy scales of the Fermi liquid
and are associated with Van Hove singularities EvH,
effective degeneracy temperatures T„h, and spin-
Auctuation frequencies. In our calculations we find that
different measurements reAect slightly different combina-
tions of these energy scales, for the most part all of
reasonably comparable magnitude. The existence of
these relatively low electronic energy scales can be seen
to arise naturally within our formalism as a consequence
of narrow band effects (deriving from strong Coulomb
correlations) combined with moderate spin-fiuctuation
softening.

While we have emphasized that q structure in the spin
dynamics reAects the fermiology, it is also clear that
canonical Fermi-liquid (temperature and frequency)
dependences are not seen in many experiments in the cu-
prates. The linear temperature dependence of the resis-
tivity and the linear frequency dependence of the photo-
emission linewidth are inconsistent with the expected
Fermi-liquid quadratic behavior. In this sense the cu-
prates cannot be described as canonical Fermi liquids.
However, it is important to note that all observations of
the normal state take place at temperatures comparable
to the spin dynamical energy scales' of —10 meV so
that Fermi-liquid ground-state properties are not expect-
ed. In this paper we use our understanding of the spin
dynamical energy scales (which are most clearly seen in
neutron experiments on Y-Ba-Cu-0) to infer the tempera-
ture and frequency dependences of the electronic lifetime
in this system. Our conclusion is that the quadratic
Fermi-liquid temperature dependence in the resistivity is
hidden by the superconductivity; for T & T, the tempera-
ture dependence is linear. Similarly the quadratic fre-
quency dependence of the photoemission linewidth will
not be seen, except in very high resolution experiments.
Above a characteristic "crossover" frequency co —25
meV, the expected frequency dependence is linear.

One aspect of the spin dynamics which is still not well
resolved is the relation between the standard (transfer
hyperfine coupling ' ') model for the 0 NMR and the
neutron data. The present calculations of the 0 relaxa-
tion within this model do not yield sufhcient form factor
cancellations to explain the observed' Korringa behavior
in YBazCu307. Because these calculations yield reason-
ably good agreement with the antiferromagnetic peak
widths as measured from the neutron experiments, this
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seems to suggest either (1) that the finite-frequency neu-
tron and "zero"-frequency NMR spin dynamics are
different (2) that the standard NMR model needs to be
improved, or finally (3) that either the NMR or neutron
experiments are wrong. Our own experience with the co

dependence of the spin dynamics shows that the antifer-
romagnetic peak widths are essentially independent of ~
in the Y-Ba-Cu-0 family. In the La-Sr-Cu-0 system the
situation is somewhat more complicated (as discussed in
Sec. III B) due to the nature of the incommensurate peak
structure. However, here, too, we find that the form fac-
tor cancellations are inadequate to explain a complete
decoupling between the T dependence of the Cu and 0
nuclear relaxations.

We end this paper with a summary of our general
physical picture for the cuprates. Angular-resolved pho-
toemission data provide, perhaps, the strongest evidence
that these materials are "close to" a Fermi-liquid state.
Here the measured band structure is found to be striking-
ly similar to that calculated within standard LDA
schemes. On the other hand, transport and photoemis-
sion linewidth experiments indicate that the normal state
is not a canonical (or ground-state) Fermi liquid. Rather
than a characteristic quadratic Fermi-liquid dependence
on temperature or frequency, the quasiparticle lifetime
displays a linear dependence. We postulate that this
linear dependence does not persist down to the T~O,
to —+0 limit (in the absence of superconductivity). In this
sense these materials are not strictly "marginal", al-
though they may be indistinguishable from a marginal
Fermi liquid at the finite temperatures and frequencies
appropriate to normal state. The evidence for low-energy
scales presented in this paper provides support for our
scenario in which, at optimal stoichiometry, the cross-
over to the canonical Fermi liquid may be hidden by the
relatively high temperatures of the normal state. The ob-
servation that in "overdoped" cuprates Fermi-liquid
quadratic energy dependences are found' provides addi-
tional support. Finally, normal-state anomalies similar to
those seen in the curates are found in the heavy fermion
metals, above the canonical Fermi-liquid regime. ' These
materials can thus be viewed as a "road map" for the cu-
prates, since they are ground-state Fermi liquids which
display (very) low-energy scales.

While there are now a number of different physical
models' ' ' ' ' ' which introduce low-energy scales into
a Fermi-liquid picture, it is not yet possible to distinguish
unambiguously between them. The essence of the present
picture is that strong Coulomb correlations lead to a
"nearly localized" description of the Cu spins. In this
way the system does not have to be tuned very close to a
magnetic instability in order to explain the low- ( —10
meV) energy scales of the spin dynamics. Narrow band-
widths already provide some reduction in the characteris-
tic electronic energies. Indeed, it is difficult to believe
that very "soft" magnetic fluctuations are solely responsi-

ble for these low-energy scales, particularly since in the
Y-Ba-Cu-0 family, the antiferromagnetic peaks at Qo
correspond to rather short (i.e., several lattice spacings)
magnetic correlation lengths, even at reduced oxygen
stoichiometries. Additional support for the present
"nearly localized" scenario comes from the variation
with decreasing hole concentration x of the plasma fre-
quency and of the q structure in S ( q, co ). In the
present picture we find a smooth evolution in both the
Y-Ba-Cu-0 and La-Sr-Cu-0 families towards commensu-
rate and increasingly narrow antiferromagnetic peaks, as
x ~0. In this way, at half filling, the Fermi liquid gives
way to a localized collection of Heisenberg spins at the
Cu sites, which interact via the usual superexchange
term.

Future experiments are clearly needed to test whether
additional detailed aspects of the fermiology are indeed
present in the spin dynamics. However, if the current
differences between the q dependence of S (q, to ) in
Y-Ba-Cu-0 and La-Sr-Cu-0 continue to hold up, these
differences seem to provide confirmation of the impor-
tance of the fermiology to the spin dynamics of the cu-

p rates.
Note added. We recently learned of related work by

Littlewood, Zaanen, Aeppli, and Monien proposing a
similar explanation for the q structure in La-Sr-Cu-O,
which derives primarily from the fermiology. These au-
thors use a marginal rather than Fermi-liquid-based ap-
proach, so that the strong T dependence of the neutron
peaks derives from lifetime rather than low-energy scale
effects. In another related work Ruvalds and co-workers
have investigated a theory for explaining co/T scaling
within a Fermi-liquid-ba. sed approach. Presumably the
nesting deviation temperature in their calculations plays
a role similar to the Van Hove energy in the present
theory. Fukuyama and co-workers have recently argued
for the important effects of Fermi-surface shape on the
spin dynamics using a very different (t J) model for the-
cuprates. Their work confirms our explanation for the
origin of the difference between the Y-Ba-Cu-0 and La-
Sr-Cu-0 families. Finally, following our example, Pines
and his co-workers have recently used the properly rotat-
ed Fermi-surface shape as well as a q-dependent spin ex-
change to describe NMR experiments in the Y-Ba-Cu-0
family below T, .
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