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Both the static and dynamic properties of the antiferromagnetic state in YBa2Cu306. &5 have been
reinvestigated by neutron scattering. The crystal studied exhibited a Neel temperature of 410+ 3 K,
with a continuous transition below 15 K to a magnetic structure with a doubled unit cell along
the c axis. The Cu magnetic form factor has been extracted from magnetic Bragg peak intensities
measured at 15 K, and it is shown to have the large anisotropy expected for a Cu 3d 2 y2 state.
The form-factor anisotropy can explain much of the Q dependence of the inelastic magnetic cross
section that has been observed in superconducting YBaqCu306+ . A search for the optical spin-
wave modes at excitation energies up to 60 meV was unsuccessful. Analysis of acoustic spin-wave
measurements yields an intralayer superexchange energy J~~ of 120 + 20 meV (without correction for
quantum renormalization) with an anisotropy o. „=(7+ 1) x 10, and an effective next-nearest-
layer exchange J&2 of 0.04 6 0.01 meV. A lower limit for the intra-bilayer exchange, Jzz, of 8 meV
is established. Use of theoretical and experimental results for Q-integrated spin-wave intensities in

the antiferromagnet, together with a crystal volume normalization based on phonon measurements,
allows us to put previous measurements of spin Quctuations in superconducting YBaqCu306 6 on an
absolute scale. The results for the superconductor are shown to be consistent with the relaxation
rates determined by nuclear magnetic resonance.

I. INTRODUCTION

The properties of the antiferromagnetic state in in-
sulating YBa2Cu306+ with x & 0.4 are of consid-
erable interest both because this material is a nearly
two-dimensional (2D) quantum antiferromagnet, ' and
because it is an important reference system for com-
parison with the superconducting phase that occurs for
x & 0.4. ' Previous neutron-scattering studies have es-
tablished the general nature of the magnetic ordering
and the spin-wave spectrum; nevertheless, several
important features require further characterization. In
this paper we report a new set of measurements involv-
ing a single crystal with x = 0 ~ 15.

One of the surprising features of YBa2Cu306+ is
the strong antiferromagnetic coupling between nearest-
neighbor Cu02 planes. This coupling, which splits the
single-layer spin-wave excitations into acoustic and op-
tical branches, survives even in the metallic phase.
To determine the strength of the coupling, one must first
observe the optical modes, which have so far escaped de-
tection. This objective was a major motivation for the
present study. Unfortunately, despite a search covering
excitation energies up to 60 meV, we have failed to detect
the optical modes. This negative result, combined with
measurements of the acoustic spin-wave modes, yields a
lower limit for the effective nearest-layer exchange J~i of
8 meV.

Our previous investigation of the acoustic spin waves
involved a crystal with x 0.3 and T~ = 260 K. The
present crystal, with x = 0.15, has a similar oxygen con-

tent to the one characterized by Rossat-Mignod and co-
workers, ' and its Neel temperature of 410 + 3 K in-
dicates a negligible degree of hole doping in the CuO2
planes. We have measured the acoustic spin waves
at low temperature, and analyzed them in terms of a
spin-wave model based on a simple three-dimensional
spin Hamiltonian. By taking advantage of the focusing
properties of the neutron spectrometer's resolution func-
tion, it has been possible to nearly resolve the steeply
dispersing in-plane modes at an excitation energy of
42 meV. Resolution-corrected Gts to the data yield an
intralayer nearest-neighbor superexchange energy J~~ of
120+20 meV, without correction for quantum renormal-
ization. At lower energies, the observed anisotropy gap of

9 meV indicates an in-plane superexchange anisotropy
n „of (7 + 1) x 10,while dispersion along Q, is mod-
eled by an effective next-nearest-layer exchange J~2 of
0.04+ 0.01 meV.

New results concerning the static properties of the
magnetic ordering have also been obtained. Of particular
interest is our measurement and analysis of the Cu mag-
netic form factor. Previous measurements of the Cu form
factor in LazCu04 (Ref. 19) and SrzCuOzClq (Ref. 20)
have indicated some discrepancies with the theoretical
result for a spherical spin density; however, they have
not demonstrated the strong anisotropy that should be
expected for a Cu 3d&2 y2 orbital. Our results clearly
reveal this anisotopy, and are in reasonable agreement
with the properly calculated form factor. A surprising
result concerning the magnetic ordering is the finding
that below 15 K our crystal exhibits a continuous tran-

0163-1829/93/48(18)/13817(9)/$06. 00 13 817 1993 The American Physical Society



13 818 SHAMOTO, SATO, TRANQUADA, STERNLIEB, AND SHIRANE 48

sition to a magnetic structure with a doubled unit cell
along the t- axis. Such a transition was first observed in a
crystal with nonuniform oxygen content by Kadowaki et
al. , and is commonly observed in Ndj+„Ba2 „Cu306+
crystals, but otherwise has not been observed. in ei-
ther crystals or powders of the Y compound.

Finally, as mentioned above, the antiferromagnetic
state is a useful reference for the metallic phase of
YBa2CusOs+ . We compare the Q-integrated spin-wave
intensities for the antiferromagnet with analogous mea-
surements obtained previously for an x = 0.6 crystal with
a superconducting transition temperature T of 53 K.
The difference in crystal volumes is accounted for by nor-
malization to phonon intensities. The comparison allows
an estimate of the absolute magnitude of the dynamical
spin susceptibility in the superconducting material.

The rest of this paper is organized as follows. In the
next section we discuss the experimental details, includ-
ing sample preparation and characterization. Our results
and analysis of the magnetic form factor follow in Sec. III.
The spin-wave measurements and analysis are presented
in Sec. IV, and Sec. V contains the comparison of inte-
grated intensities. The relevant discussion is contained
within each section.

B. Neutron-scattering measurements

The neutron-scattering measurements were carried out
on the triple-axis spectrometers H4M and H8 at the High
Flux Beam Reactor located at Brookhaven National Lab-
oratory. The (002) reflection of pyrolytic graphite (PG)
was used for both monochromator and analyzer, and PG
filters were employed to suppress higher-order contam-
ination in the diffracted beam. The elastic and. inelas-
tic measurements were generally taken with a fixed final
neutron energy Ey of 14.7 or 30.5 meV. In measuring the
magnetic Bragg peaks for the form-factor determination,
two PG filters were used and the neutron energy was
scanned while sitting on each reflection to test for multi-
ple scattering effects. For the spin-wave measurements,
the horizontal collimations were 40'-40'-80'-80'.

The 1:2:3crystal was wrapped in Al foil, clamped to
an Al plate, and sealed in a cylindrical Al sample can
with He exchange gas. The crystal was oriented with a
[110]axis vertical, so that (hhl) reflections lie in the hor-
izontal scattering plane. The sample can was generally
mounted in a Displex closed-cycle refrigerator, except for
the study of the low-temperature magnetic transition,
where a pumped-He cryostat was used.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

YBa2CusOs+ (1:2:3 phase) decomposes at about
1040 C to Y2BaCuOs (2:1:1phase) and a liquid phase.
Crystals of YBa2Cu306+ can be obtained by peritectic
reaction when the mixture of 2:1:1and the liquid phase is
cooled through the decomposition temperature of 1:2:3.
The morphology of the crystals depends on the diffusion
rate of the 1:2:3constituent in the liquid phase and the
dissolution rate of the 2:1:1phase relative to the rate of
crystal growth, which is controlled by the cooling rate.
When the cooling rate is too great relative to the diffusion
rate, one obtains a crystal with many dislocations and a
wide mosaic spread. A rapid cooling rate also makes it
difFicult to minimize inclusions of the 2:1:1phase. Al-
though gravity tends to separate the denser 2:1:1parti-
cles from the liquid, the viscosity of the liquid is sufIicient
to retain a suspension of particles. Therefore, a very slow
cooling rate was adopted for the crystal growth. Further
details are reported in Ref. 26.

The inevitable small inclusions of the 2:1:1phase are
not all bad. Ideally, one would like to obtain a large, per-
fect crystal with no inclusions of the 2:1:1phase. How-
ever, the oxygen content of a crystal must be adjusted by
post-annealing, and experience has shown that it is in-
creasingly difIicult to control the oxygen content as flux
inclusions are eliminated and the crystal perfection is in-
creased. The present crystal, which was approximately
15 x 10 x 4 mm in size, was annealed under a vacuum of
2 x 10 Torr at 650 C for 3 days. Although a deliberate
search was not performed, no evidence of diffraction from
the impurity phase was observed in any of our measure-
ments (cf. Fig. 4).

C. Sample characterization

The room-temperature lattice parameters of the
tetragonal unit cell were determined to be a = 3.86 A and
c = 11.82 A. by both x-ray and neutron diffraction mea-
surements. To check the oxygen content z, integrated in-
tensities for 21 independent Bragg reflections of the type
(hhl) were collected in 0-20 mode at a temperature of
15 K. (Several of the strongest reflections, which would
be subject to the largest extinction correction, were not
included in this set. ) The structural parameters zc„2,
z~~, z~4, and zB, along with the oxygen content x, were
determined by performing a least-squares fit to the inten-
sities, corrected for the Lorentz factor. Two other param-
eters, a scale factor and an extinction parameter, were
also determined in the fitting procedure; Debye-Wailer
factors were neglected. . A comparison of the observed
and calculated structure factors is shown in Fig. 1. The
fit yielded values of x = 0.15 and zc„2 ——0.3625, with an
R factor of 0.052. Employing the structural parameters
determined by neutron powder diffraction studies ' gave
only a slight increase in the B factor, and indicated an
uncertainty in x of +0.05.

The magnetic ordering behavior was d.etermined by
monitoring the temperature dependence of various mag-
netic Bragg peaks, as illustrated in Fig. 2. The power-
law fit shown in the figure yields a Neel temperature of
407 K, whereas the intensities close to the transition in-
dicate 410 + 3 K. The spin structure corresponds to that
shown in Fig. 3(a): a simple Neel structure with spins
lying in the Cu02 planes. A second magnetic transition
is observed below 15 K, in which the intensities of mag-
netic peaks of type (2 2 l) decrease continuously, while

new peaks of type (2 2 l + 2) appear. The change in the
pattern of magnetic peaks is illustrated in Fig. 4. Such
a transition was first observed by Kadowaki et al.2~ in
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FIG. 1. Plot of the observed nuclear structure factor
squared ~P~ b, versus the calculated squared structure factor
~P~, &. The solid line is of the form y = Ax(1 —Bx), where A
is a scale factor and B' accounts for extinction.

a mixed-phase 1:2:3crystal. The l + &
peaks can be ac-

counted for by a magnetic domain with the spin structure
indicated in Fig. 3(b): The magnetic unit cell is doubled
along the c axis due to ferromagnetic coupling between
bilayers through the "chain" layers. Kadowaki et al.
pointed out that besides a two domain model, one can
account for the observed intensities equally well with a
single homogeneous magnetic structure involving a linear
combination of the two spin structures shown in Fig. 3,
with an angle of 90 between the spin axes of the two
component structures. In the resultant structure there
is a rotation of the spin axis of one bilayer by an angle
+o., and an opposite rotation of —o. in the neighboring

FIG. 3. (a) High-temperature magnetic structure corre-
sponding to the ( ——l) (l = integer) reflections. Open and
solid circles at Cu(2) sites in the CuOq planes represent
mutually antiparallel spins oriented perpendicular to the c
axis. Small shaded circles represent Cu(1) sites with no mag-
netic order. (b) Magnetic structure consistent with the low-
temperature magnetic reflections at ( ——I + —). Small circles
represent the average moment and spin orientation on Cu(1)
sites.

bilayers. The direction of spins on Cu(l) sites is rotated
by 90 —o, relative to the directions in the neighboring
planes. Applying the single-phase model to our measure-
ments at 1.5 K, we obtain a moment of (0.47 + 0.03)p~
on Cu(2) and (0.005 + 0.002)p, e on Cu(l), with a turn
angle o. = 41.5 + 0.9 .

The observation of the low-temperature transition
came as something of a surprise. Except for the re-
port by Kadowaki et al. , the phase has not been de-
tected in any other studies of YBa~Cu306+ by neu-
tron diffraction or nuclear magnetic resonance (NMR).
A slightly difFerent low-temperature transition, in which
the (z z I) peaks decrease in intensity and diffuse scat-
tering appears along the (z —I) magnetic rod, has been
observed in single-crystal neutron studies for 0.2 & z &

0.4. ' The doubled-unit-cell phase has been observed
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FIG. 2. Temperature dependence of magnetic Bragg peak
intensities. The solid line is the result of a least-squares fit to
a simple power law, I (T~ —T) ~ (T~ = 407 K, P = 0.27).
The inset shows the temperature dependence of the ( ~, s, 2)
(open circles) and ( —,~, —) (solid circles) peak intensities.
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FIG. 4. Elastic scans along Q = ( —,—,l) at 30 K () T~q)
and 1.5 K (( T~z). The solid lines are guides to the eye.
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in Nd]+yBa2 yCu306+~, but that system difFers in
containing a magnetic rare-earth element that can sit on
both the Y and Ba sites. " The low-temperature phase
has also been detected in Fe-doped YBa2Cu306+ .3 In
the present case, the low-temperature transition may be
related to the presence of a small fraction of magnetic
Cu + ions on Cu(l) sites together with an absence of
doped holes. ' Such a configuration can occur if the
occupied O(1) sites, between Cu(1) atoms, are isolated
from one another. This condition appears to be destroyed
for x = 0 [no occupied O(1) sitesj or z & 0.2 (added oxy-
gens tend to cluster into chain fragments).

To avoid the influence of the low-temperature phase,
the measurements discussed below were generally per-
formed at temperatures of 15 K or greater.

III. MAGNETIC FORM FACTOR

The integrated intensities of the magnetic Bragg peaks
are proportional to the square of the magnetic structure
factor FM, which in the present case can be written as

II"M
I

= Vo (s'n g) V f (&)~ (&)

where po
——0.269 x 10 cm, g is the angle between

the spin direction and Q, III, is the magnetic moment,
f(Q) is the magnetic form factor, and g(Q) is a structure
factor associated with the bilayer spin structure. The
brackets around sin g indicate an average over magnetic
domains; with the spin direction perpendicular to the c
axis, together with the tetragonal symmetry, we have

I I I I I I I I I
f I I I

0.6-

CQ

0.4-
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(1.5,1.5, l )

I I I I I I I I I I I I I

2 3 4 5 6
Q(A )

that the hole in the Cu 3d shell has x —y symmetry,
which is quite far from being spherical.

We have calculated the 3d&2 y2 form factor using for-
mulas given by Freeman. s4 ss Let Rsd(r) be the radial
component of the wave function of an atomic Cu 3d or-
bital. Defining the quantity (j ) by

(j-) = R,'d(r) j„(Qr)r'dr,

FIG. 5. The Q dependence of pf(Q). The solid circles
correspond to ( ——l) rellections, while open circles represent

( ——l) peaks. The solid line is the form factor for Cu 3d 2 y2,
calculated as discussed in the text, while the dashed line is
the form factor for a spherically averaged Cu 3d hole.

(sin g) = —(1 + cos P),
2

where

(2)
where j is a spherical Bessel function, the form factor
can be written as

cos P = Q, /Q.

The bilayer structure factor is given by

g(Q) = 2 sin(~zc„2l),

where zc„2 ——1 —2zc„2. Integrated intensities were mea-
sured for a series of magnetic Bragg peaks of the types
(2 2l) and (2 2l) at a temperature of 15 K. The quantity
IMf (Q) extracted from these measurements is plotted in
Fig. 5. The points that deviate significantly from the
general trend correspond to l values where the bilayer
structure factor becomes quite small. At these positions
the extracted values of IU f (Q) are quite sensitive to mul-
tiple scattering, measurement errors, and possible con-
tributions to the spin density not centered on the Cu(2)
sites.

The anisotropy of the form factor is quite striking. It
is clear that the form factor depends strongly on the di-
rection of Q as well as its magnitude. The main differ-
ence between the present results and earlier studies of
La2Cu04 (Ref. 19) and Sr2Cu02Clq (Ref. 20) is that we
have extended the measurements to larger values of l.
The theoretical form factor for a spherically averaged Cu
3d electronic spin density, indicated by the dashed line in
the figure, is clearly inadequate. This discrepancy should
have been anticipated, since it has long been accepted

9 ( 35+
l

1 —10cos P+ cos P l (j4),56 g 3

where cos P is given by Eq. (3). The radial wave function
was computed using a program for atomic calculations
based on the local-density approximation. The calcu-
lated form factor is represented by the solid line in Fig. 5.
The form factor has been scaled by the moment p, whose
value of 0.52@~ was determined by a least-squares fit to
the data.

Past studies ' have found that the low-temperature
ordered moment scales with the Neel temperature. Be-
cause of the large value of T~ for the present crystal,
we expect the moment to correspond to the maximum
observable value; however, it is substantially lower than
the maximum value of approximately 0.64@~ reported
previously. A major reason for this discrepancy is the
choice of form factor. The moment cannot be measured
directly in an antiferromagnet; one must extrapolate the
measured values of IM f(Q) to Q = 0 using a model for
the form factor. A common choice in a number of early
studies ' was to use a smooth interpolation of the ex-
perimentally measured form factor for Cu in ferromag-
netic K2CuF4. As pointed out by Kaplan, Mahanti,
and Chang, this was a particularly unfortunate choice.
Because of the ferromagnetism, the spin density on the
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fluorine ligands contributes to the form factor at small Q;
whereas, in an antiferromagnet, the spin density on a lig-
and positioned symmetrically between a pair of magnetic
ions must be zero. Thus, the experimental form factor for
K2CuF4 is significantly depressed (by 10%%ua compared to
both Cu 3d 2 y2 and spherical Cu) at the Q values where
the first magnetic reflections occur in the cuprates, and
hence one tends to substantially overestimate the mag-
netic Inoment.

The ordered magnetic inoment p is equal to g {S),
where g is the Lande g factor. In a 2D spin-2 Heisenberg
antiferromagnet, spin-wave theory predicts that the
average spin should be reduced by a factor of 0.606 due
to zero-point spin fluctuations. (Actually, YBazCusOs+
is a highly anisotropic 3D system, and the zero-point re-
duction should not be quite as great as this. ) Taking
a typical g value of 2.2, one would expect an ordered
moment of roughly 0.67p~ for the case of moments com-
pletely localized on Cu. The observed reduction fram this
value is due to covalency. Kaplan, Mahanti, and Chang
have emphasized the importance of covalency effects, and
suggest that a larger reduction should be expected. To
properly model the effects of covalency, one must go be-
yond estimates of the moment, and do a proper job of
calculating the form factor. Our value for the moment
may be too large if the form factor flattens out substan-
tially at small Q. A more detailed study of the Cu form
factor in Sr2Cu02C12 is in progress.

Recognition of the anisotropy in the form factor is of
significance for proper interpretation of inelastic scatter-
ing measurements. Rossat-Mignod et al. have observed
anisotropy in measurements of spin fluctuations in su-
perconducting crystals with x = 0.53 and 0.92. They
explained it in terms of a difference in the cross sections
for fluctuations parallel and perpendicular to the Cu02
planes. It now appears that the effect can be accounted
for entirely by the Q dependence of the form factor.

IV. MAGNETIC DYNAMICS

In a previous paper we described a spin Hamilto-
nian appropriate for antiferromagnetic YBa2Cu306+
and analyzed the spin-wave modes. We begin here with
a brief summary of that model. The dominant interac-
tion is the superexchange J~~ between nearest-neighbor
Cu sites within the Cu02 layers. It is responsible for the
very strong dispersion of spin waves propagating paral-
lel to the layers. Spin-orbit coupling results in a weak
anisotropy of the superexchange, which is xy-like and of
relative magnitude o. „.This anisotropy leads to an en-
ergy gap for modes in which the displacements of the
spins are perpendicular to the planes. The coupling J~i
between copper spins in nearest-neighbor layers (intra-
bilayer coupling) causes a splitting of the modes into
acoustic and optical branches. The bilayer structure fac-
tor given in Eq. (4) also applies to the cross section for
acoustic-mode spin waves; for the optical modes, the sine
function is replaced by cosine. Finally, the weak cou-
pling J~2 between bilayers results in a small dispersion
in the Q direction. Below, we will first discuss measure-
ments of the acoustic modes, and then describe the search
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FIG. 6. Constant-E scan along the 2D magnetic rod
{—,—,l) at an energy transfer of 14 meV and a temperature
of 300 K. The solid line is a calculation taking into account
the resolution function.

for the optical modes. In all cases, exchange parame-
ters were extracted by fitting inelastic scattering mea-
surements with the spin-wave cross section, described in
Ref. 11, convolved with the spectrometer resolution func-
tion.

The steep dispersion of the in-plane spin waves makes
it difIicult to resolve them. To do so we must make use
of our knowledge of the resolution function. Although it
is not possible to get a perfect alignment of the resolu-
tion function with the dispersion surface, it is neverthe-
less possible to optimize the orientation of the resolution
function within the scattering plane. This focusing ef-
fect is illustrated in Fig. 6, which shows a scan along
Q = (2, 2, l) (expressed in reciprocal lattice units) at an
excitation energy of 14 meV. Besides the sinusoidal mod-
ulation due to the acoustic-mode bilayer structure factor,
one can see a strong enhancement of the cross section at
l = —1.8 relative to l = +1.8. The enhancement corre-
lates with a minimum resolution width in the direction
perpendicular to the (2, 2, l) rod. The intensity modula-
tion is well reproduced by the calculated curve, at least
in the range —5 & t & 5. Beyond that range deviations
occur due to scattering by nonmagnetic processes, such
as phonons and accidental Bragg scattering.

To measure the in-plane dispersion, we held the
energy-traxpfer fixed (constant-E scan) and scanned Q
across the magnetic rod in the direction (6, h, lq). The
value of l'0 was optimized at each energy transfer, using
calculations of the resolution function. Figure 7 shows
scans at hu = 14 and 42 meV measured at a temperature
of 30 K. At the higher energy, the two spin-wave branches
are nearly resolved. Least-squares fits to the data, in-
dicated by the solid curves, yield J~~

——120 + 20 meV.
It is important to note that this value is calculated us-
ing a cross section for classical spins. For a 2D spin-&
Heisenberg system, the spin-wave energies are renormal-
ized relative to the classical results by a constant value
of 1.18. Thus, to the extent that such a description
applies, the value of Jll should be reduced by the cor-
responding ratio, giving an energy of 100 + 20 meV. As
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FIG. 7. Constant-E scans across the 2D magnetic rod
along (h, , h, lo) at excitation energies of 14 and 42 meV, mea-
sured at 30 K with a fixed final energy of 14.7 meV. The values
of lo are —2 and —4.9, respectively. The solid lines represent
calculated intensities. The counting time was 52 min/point
at 42 meV and 10.5 min/point at 14 meV.

noted earlier, the ordered state is really an anisotropic
3D system and not purely two dimensional; as a result,
the renormalization efFect should be somewhat reduced.
The proper renormalization constant could be estimated
using spin-wave theory, but we have not done so.

Our value for J~~ in YBa2Cu306 q5 is significantly
smaller than the quantum-corrected value of 135 meV
determined for La2Cu04 by neutron scattering and
two-magnon Raman scattering. That it is smaller is
consistent with Raman measurements on antiferromag-
netic YBa2Cu306+ . The ratio of the two-magnon
peak energies in the two materials yields a ratio of su-
perexchange energies equal to 2700 cm i/3200 cm
= 0.84. The reduction of J~~ in 1:2:3 is also consistent
with the increase in the Cu-0 bond length, which reduces
the hybridization (although the change in the difference
in Madelung site potentials partially offsets this efFect).
On the other hand, Rossat-Mignod and co-workers
have reported a much larger value of 170 meV (without
quantum correction). This value is based on measure-
ments at h~ up to 35 meV on a crystal with x = 0.15
in which the spin waves are not resolved. Although we
do not have sufhcient information to evaluate the reso-
lution function appropriate to those measurements, we
note that we can simulate spectra consistent with the re-
ported data using our much lower value of J~~. Thus, in
the absence of a detailed justification for the much higher
result, we consider it likely that the value of 170 meV is
a significant overestimate for Jll.

To determine the parameters o. „and J~2 for the
present crystal, constant-Q scans were performed at the

FIG. 8. Constant-Q scans at the magnetic zone center
(bottom) and zone boundary along Q, (top) measured at
30 K. The solid lines are calculated intensities; open symbols
represent background.

zone-center position (2, z, —1) and the zone boundary
along the Q, direction (2, z, —1.5). The data collected
at 30 K are shown in Fig. 8. The large anisotropy gap
of 9 meV and Q, dispersion of 3.5 meV are sig-
nificantly larger than those observed by Rossat-Mignod
and co-workers ' for a similar crystal at 200 K. Part
of the di8'erence may be due to temperature dependence,
as we observed a decrease of the anisotropy gap by sev-
eral meV at 300 K. The anisotropy gap energy at zone
center is equal to 2 J~~ /2n &, while the effective gap due
to Q, dispersioii is given by /2J~~ J~2. Prom the fits
shown in the figure, we find n „=(7+ 1) x 10 and
J~2 ——0.04 + 0.01 meV.

To search for the optical modes, we performed cross-
rod constant-E scans at the position Lp = —7.1, where
the structure factors should be maximum for the opti-
cal and minimum for the acoustic modes. These were
compared with acoustic-mode scans at lp ———5.0. At
hw = 56 meV we could still see a clear acoustic peak,
but optical-mode measurements at 60 meV indicated no
discernible signal above the background, consistent with
other reports. ' At 66 meV no positive signal could be
identified in either channel. (At frequencies small com-
pared to 2 JI~, the spin-wave cross section falls oK as w

and so magnetic scattering becomes increasingly dificult
to detect as the excitation energy increases. ) The mini-
mum optical-mode energy should be equal to 2+J~~ J~i.
Taking 60 meV as a lower limit for this quantity, we ob-
tain a lower limit for J~i of 8 meV.

V. INTEGRATED INTENSITIES

When holes are doped into the antiferromagnetic Cu02
layers, the magnetic scattering is significantly modified.
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It is not easy to put the resulting diffuse inelastic scatter-
ing cross section on an absolute scale; however, we can do
so indirectly by making a comparison with the scatter-
ing strength in the antiferromagnetic phase, where spin-
wave theory appears to work quite well. In this section
we will first discuss a form of integrated intensity for an-
tiferromagnetic YBa2Cu306 15, and then compare with
results obtained previously for a crystal with x = 0.6
and T~ = 53 K.

Neutron scattering measures a scattering function
S(Q, tu), which is related to the imaginary part of the dy-
namical susceptibility by the dissipation-fluctuation the-
orem:

—a yA:T
&"(Q

For a 2D square-lattice spin-z Heisenberg antiferromag-
net with only nearest-neighbor exchange J, y" (per Cu
atom) is given by

integral, we only have to do a one-dimensional integral
of the measured intensity along the direction of the scan.
The measurements at different / positions were normal-
ized by correcting for the bilayer structure factor and the
calculated magnetic form factor. The results obtained at
9 K and 300 K are shown in Fig. 9. As expected, S(w)
at 9 K is a constant (indicated by the solid line), and
at 300 K S(u) is equal to that same constant times the
temperature factor (indicated by the long-dashed line).

To compare measurements on the x = 0.6 crystal, it
is necessary to correct for differences in crystal volume.
This normalization was done using the integrated inten-
sities for longitudinal acoustic phonons measured near
(006). The ratio of volumes for z = 0.6 relative to 0.15
was found to be 1.35 + 0.3. The normalized x = 0.6 data
obtained at 10 K are included in Fig. 9. (The normaliza-
tion uncertainty is not included in the error bars. ) One
can see that while S(u) for the superconducting sample
is suppressed at low energies, it rises to roughly 3 times
the spin-wave value at its peak near 30 meV.

Our reason for comparing S(cu) rather than y" (w) is
that a useful sum rule exists for S:

where dQd(u S(Q, (u) = s(s+ 1), (13)

&g =2J 1 —p

1
pz

———(cos q a + cos q„a),

(9)

(10)

and

q= Q —GAF,

with GAF being a reciprocal lattice vector of the antifer-
romagnetic lattice and a the nearest-neighbor spacing.
When the quantity qa is small, one obtains the approxi-
mate formula

1y" (Q, (u) = h(her —hcq),
2qa

where the spin-wave velocity c times h is equal to ~2Ja.
It has been pointed out that the 2D g integral of the
right-hand side of Eq. (12) [which we will label g'(w)] is a
constant; specifically, it is equal to 7r/ Ja2. Now at T = 0
the temperature factor in Eq. (7) is equal to 1, and the
integral of S(Q, cu), which we will label S(cu), will also
be independent of frequency. At finite temperatures, the
frequency dependence is determined by the temperature
factor.

Although the exchange in YBa2Cu306 ~5 is not per-
fectly isotropic and a weak interbilayer coupling exists,
one would still expect the frequency independence of
S(w) to be observed for the acoustic modes at low tem-
peratures and at energies greater than the anisotropy
gap. To test this we measured cross-rod scans for 9 &
her ( 26 meV at ( —,—,—2) and for 26 ( h ( 56 meV at
(2, 2, —5), using a fixed final neutron energy of 30.5 meV.
One of the 2D q components is normal to the horizontal
scattering plane, and because of the relaxed collimation
in that direction, the resolution function essentially inte-
grates over that component. Hence, to complete the 2D

15 I
I

I I I I
I

I I I I

0 x=0.15, T= 9 K
x=0.15, T=300 K
x=0.6, T= 10 K

m $0

II
I

20 40
A, v (meV)

60

FIG. 9. Variation of 8 with hu. The open symbols cor-
respond to measurements on YBa2CusOs. is at 9 K (circles)
and 300 K (squares). The solid circles represent previous
measurements (Ref. 16) on YBa2CusOs. s at 10 K. The un-
certainty due to the phonon normalization is not included in
the error bars. The lines are discussed in the text.

where 8 = — is the spin. Note that the integral over fre-
quency includes the magnetic Bragg peak component at
u) = 0 as well as the inelastic spin-wave scattering. The
weight in the Bragg peak is (s,), and with (s, ) 0.3 at
T = 0, the Bragg peak accounts for only about 10% of
the total sum. The rest of the spectral weight is spread
over an energy range extending up to 2J (= 240 meV).
With increasing temperature, Bragg intensity is trans-



13 824 SHAMOTO, SATO, TRANQUADA, STERNLIEB, AND SHIRANE

ferred to the low-energy range with a distribution deter-
mined by the temperature factor. The short-dashed line
in Fig. 9 indicates an extrapolation of the spin-wave mea-
surements to 400 K, where essentially all of the spectral
weight should be inelastic. In the metallic sample there
is no elastic component, and so it is probably most mean-
ingful to compare with the high-temperature extrapola-
tion for the antiferromagnet.

Without knowledge of the spectral weight for the
metallic sample at higher energies, it is not possible to
make direct use of the sum rule. Nevertheless, one can
see that the spectral weight for hu & 50 meV is quite
comparable in the antiferromagnet and the superconduc-
tor. The dominant change caused by doping appears to
be a shift in weight &om hu 0 out to 30 meV.

The normalization to the spin-wave results makes pos-
sible a comparison of y" in the metallic sample with re-
sults obtained &om nuclear magnetic resonance studies.
Mehring has de6ned a quantity

(i4)

where ~p is the nuclear Larmor frequency and the sum
is over the antiferromagnetic Brillouin zone centered
on the magnetic reciprocal lattice vector GAF. For
YBa2Cu3066 with T = 60 K, he extracts a value for
Ic,„of33.2 eV at a temperature of 200 K. If y" (cI, io)
is linear in &equency over some range, then I~ will
be independent of the choice of up, and we can evaluate
this quantity using neutron data. For our T, = 53 K
crystal, the only temperature at which y" appears lin-
ear in u and at which we have sufhcient data for com-
parison is 100 K. At that temperature y" appears to be
approximately linear for h~ & 10 meV. At h~ = 9 meV,
the 2D q-integrated susceptibility y" is equal to roughly

60% of the 10 K value, and the latter value is approxi-
mately equal to the spin-wave result, as shown in Fig. 9.
To put y" on an absolute scale, we take the value m/ J~~ a
for a single-layer Heisenberg system and divide by 2, be-
cause in 1:2:3only half of the spin-wave modes contribute
at low energy. (This corresponds to averaging the bilayer
structure factor over Q, .) For I~„,we then have

Iee, =0.6x —x
~

~

x ( ) —:(9meV),I ( 7i ) a 2

2 i, J~~a2p 2vr

where the division by (27r/a), the area of a Brillouin
zone, is needed to convert y" to an average over q. Plug-
ging in J~~

——120 meV gives Ig„——22 eV, which
is quite consistent with Mehring's value, considering the
differences in samples and temperatures, and the large
uncertainty in our result.

The ending that the average of y" near CAP measured
by neutrons and NMR is comparable is an important one.
It indicates that both techniques are probing the same
antiferromagnetic fluctuations, and that some sort of in-
terpolation between the very low frequency NMR regime
and the moderate frequency neutron range should be pos-
sible. We hope to extend the normalization procedure to
other superconducting samples in future work.
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