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Inelastic neutron scattering has been used to study magnetic excitations in several single crystals
of YBa,Cu;O0¢, . In particular, an extensive study of spin waves in a large crystal with x =0.3 has
been performed. As in La,CuQO,, a very large superexchange is found within the CuO, layers, with
J; =802 meV. The optical-mode spin-wave energies are higher than 30 meV, indicating that J,,,
the coupling between nearest-neighbor CuO, planes, is 2 meV. From the dispersion and splitting
of the acoustic modes, we obtain values of 0.020+0.005 meV for the effective exchange between
next-nearest-neighbor layers, J,, and 0.03510.005 meV for the anisotropy parameter D. The weak
anisotropy gives the planes an XY-like symmetry; no evidence has been found for any in-plane an-
isotropy. The CuO, bilayers remain strongly correlated well above Ty, and dispersion of the acous-
tic modes appears 30 K above Ty. The decrease of the magnetic order parameter below 30 K in the
x =0.3 crystal is interpreted as the onset of an incoherent ordering of Cu moments in the oxygen-
deficient CuO, layers. Low-energy inelastic scattering associated with the transition is also ob-
served. Searches for low-energy magnetic fluctuations in several superconducting single crystals
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have so far been unsuccessful.

I. INTRODUCTION

There is an intimate connection between antifer-
romagnetism and superconductivity in layered copper ox-
ide compounds. A crossover from an antiferromagnetic
insulator phase to the metallic superconducting regime is
observed in the systems

La,_,(Sr,Ba),CuO,,
Bi,Sr,Ca, Y, _,Cu,0y ,

YBa2CU306+X 5
and TIBa,Ca,Y,_,Cu,0,

as the doping variable x is increased.!™® The transition
from magnetic order to superconductivity is relatively
sharp, although a spin-glass phase sometimes intervenes. ’
The magnetic ordering occurs due to the large intrasite
Coulomb energies on the Cu atoms and the unusually
strong superexchange interactions between neighboring
Cu atoms via the intervening oxygens in the CuO, planes
which are a structural element common to all of these
materials.

Whether or not magnetism is directly related to the
mechanism responsible for superconductivity, it is cer-
tainly an important symptom of the strong electronic
correlations that exist and that must be taken into ac-
count in any successful theory of electron pairing in the
cuprates. Thus, the magnetic properties of these materi-
als have received a considerable amount of attention. Of
particular interest are the excitation spectra, from which
one can determine magnetic interaction strengths and
spin-spin correlation lengths.

Most of the inelastic scattering studies performed so
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far have been on La, ,Sr,CuO,. The first exciting
discovery was the observation® that the two-dimensional
(2D) magnetic correlations in the CuQO, planes in
La,CuQ, survive well above the Néel temperature Ty
due to the large in-plane superexchange interaction. Sub-
sequent studies’ showed that although the long-range or-
der is rapidly eliminated by the introduction of holes via
doping with Sr or O, Cu spins within the same plane
remain correlated with a fairly short spin-spin correlation
length. Muon-spin-rotation studies,'” together with the
neutron scattering work,? indicate that the Cu atoms
maintain their magnetic moments in the presence of
holes.

Unlike La,CuQ,, the CuQ, planes in YBa,Cu;O¢ , are
grouped in pairs (bilayers) as shown in Fig. 1(a). Despite
this difference we expect the dynamics to be dominantly
two dimensional. Figure 1(b) shows the (hhl) scattering
plane in which we have performed all of our neutron
scattering measurements. If the spin waves in a magneti-
cally ordered sample were completely 2D, then there
would be no dispersion along the (4, 1,/) scattering rod. !
Holding the neutron energy transfer AE fixed, a scan of
type A [see Fig. 1(b)] should intersect two steep disper-
sion surfaces at +|g,p| and —|g,p|, where q;p=AE /c,
and the dispersion slope c¢ is determined by the in-plane
superexchange constant J,. Although our spectrometer
resolution was not sufficient to resolve the two spin-wave
branches, our initial measurements!'? (see Fig. 2) on a sin-
gle crystal with x ~0.15 were consistent with a minimum
spin-wave velocity of 0.5 eV A. This value corresponds
to a lower limit for J; of ~90 meV, in reasonable agree-

4503 ©1989 The American Physical Society



4504 TRANQUADA, SHIRANE, KEIMER, SHAMOTO, AND SATO

Scattering Plane
® Nuclear peak
B Magnetic peak
’///; 2D Magnetic rod
[rhO]

110),

(330 W////.

004

(001), (002), (003)y ‘

@ (b)

FIG. 1. (a) Magnetic spin arrangement in YBa,Cu3;0¢., with
x near zero. Cross-hatched circles represent nonmagnetic Cu'”*
ions, while solid and open circles indicate antiparallel spins at
Cu?" sites. (b) Reciprocal space (hhl) zone. The hatched line
along (%,%,l ) is the magnetic ridge for two-dimensional scatter-
ing, and A4 and B indicate scans across and along the ridge, re-
spectively.

ment with the value of 120 meV obtained from a two-
magnon light-scattering experiment. 13

Here we present the results of a more extensive study
of spin-wave dispersions .in  antiferromagnetic
YBa,Cu;0q., .. Most of the discussion will focus on mea-
surements of our largest crystal, for which x ~0.3 and
Ty=260 K. To our surprise, we found the coupling be-
tween nearest-neighbor planes to be quite significant, al-
though it is still probably much weaker than the in-plane
exchange. The interaction between atoms in next-
nearest-neighbor planes is much weaker than the bilayer
coupling. A small anisotropy, probably due to spin-orbit
coupling, results in a gap for out-of-plane spin-wave
modes, making the layers weakly XY-like.

Because of their strong coupling, the two planes within
a bilayer remain correlated well above Ty. Three-
dimensional ordering occurs when the already well-
correlated bilayers couple together along the c axis. The
magnetic Bragg peak intensities saturated at low temper-
ature in the two x ~0.15 crystals studied; however, in the
x ~0.3 sample the Bragg peak intensities started to de-
crease as the temperature was decreased below 30 K.
While the peaks at (4,4,L +1) reported by Kadowaki
et al.'* were not observed, we did find extra diffuse
scattering along the (4,1,/) rod, with the scattering
peaked about the integral-/ positions. Similar behavior
has been reported by Rossat-Mignod and co-workers.*
Low-energy inelastic magnetic scattering is enhanced at
temperatures in the region of the transition. These obser-
vations can be explained in terms of an incoherent order-
ing of magnetic moments in the oxygen-deficient layers at
low temperatures.

We have also looked for magnetic scattering in several
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FIG. 2. Several constant AE scans across the 2D magnetic
ridge in YBa,Cu;0g 5 (crystal 1) as indicated by scan 4 in Fig.
1(b). The zone center for 2D spin waves is along (1, 1,1). The
intensities have been adjusted slightly to correct for the pres-
ence of A/2 contamination seen by the incident-beam monitor.

The data are from Ref. 12.

superconducting crystals. Measurements>”!7 of the
magnetic susceptibility as a function of oxygen content
indicate that the magnetic properties of YBa,Cu;O¢
vary smoothly through the tetragonal-orthorhombic
phase boundary and into the superconducting regime.
However, we have not been successful in observing any
low-energy ( <10 meV) magnetic excitations. The most
that we can say at this point is that the presence of
mobile holes causes a significant modification of the cross
section for low-energy excitations.

In order to understand the spin-wave measurements it
is helpful to have a model with which to interpret them.
Thus, we begin the paper by discussing a simple Heisen-
berg Hamiltonian for the magnetic Cu lattice and its
spin-wave eigenmodes. After descriptions of the experi-
mental procedure and sample characterization, scattering
results for the x ~0.3 antiferromagnetic crystal are
presented and analyzed in terms of the spin-wave model.
Next, the temperature dependence of the scattering is dis-
cussed. Finally, the measurements of the superconduct-
ing crystals are described. The paper concludes with a
summary of our results.

II. SPIN-WAVE MODEL

A. Qualitative discussion

We expect that the dominant spin-spin interactions
should occur between nearest-neighbor (NN) copper
atoms and should have the Heisenberg form JS;-S;. In-
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teractions between the three different types of NN pairs
must be considered. The strongest occurs due to superex-
change within a plane, and the corresponding exchange
constant will be designated as J,. We know from previ-
ous spin-wave dispersion measurements'? and Raman
studies'® of YBa,Cu;Oq. , that J ~ 100 meV.

The CuO, planes are grouped in bilayers, with the two
planes of a bilayer separated by a layer of Y atoms.
Neighboring Cu atoms in different planes of a bilayer are
separated by a distance zc =3.3 A, with no intervening
atoms. Although superexchange between such a pair is
not possible, direct exchange is. There is only one hole
spin on each copper with the hole having dx2~y2 symme-
try. In such a case direct exchange is expected to yield an
antiferromagnetic coupling!® as is observed experimental-
ly,* and we designate the exchange constant as J,;. The
magnitude of J;; can be estimated from calculations by
Freeman and Watson?® of direct exchange between Co
atoms each having a 3d° configuration. For two Co

atoms separated by 2.4 A along the z axis with a dxz_yz

hole on each site, they obtained an exchange constant
Jss =6 meV. Some people have suggested that fluctua-
tions of the Cu 3d hole into a d,,»_ > state could be im-

portant. For a pair of cobalt atoms with a d, ,_, hole

on each site, a value of J,, =10J55 was found, and for
mixed states J,5=0. The separation between Cu atoms
in YBa,Cu;0q , is certainly much greater than the value
used in the calculations, so that a significant reduction in
the exchange constant J,; relative to the calculated
values is expected. Nevertheless, it appears that direct
exchange could result in J;;~1 meV. If we write
a;;=J,;/J, then a;; ~1072

A pair of bilayers is separated by a CuO, “chain” lay-
er. A Cu site in an oxygen-deficient layer is commonly
labeled Cu(l), while a site in a CuO, plane is denoted by
Cu(2). A Cu(2) atom is connected to the nearest Cu(2) in
the next bilayer by an O-Cu(1)-O bridge. A study?! using
x-ray absorption spectroscopy has demonstrated that
essentially all of the Cu(l) atoms have a nonmagnetic
3d 0 configuration in YBa,Cu;04 The magnetic interac-
tion between Cu(2)*" atoms in neighboring bilayers prob-
ably occurs through some high-order superexchange pro-
cess via the intervening O-Cu(1)'T-O bridge. With in-
creasing oxygen content, some of the Cu(1)!" are con-
verted to magnetic Cu(1)>*. The 3d hole on a Cu(1)®"
has dy2—22 symmetry. Because this hole is orthogonal to

the dx2~y2 holes in the planes, the superexchange cou-

pling between chain and plane nearest neighbors should
be ferromagnetic.?>?® In the magnetic structure ob-
served in samples with small x,3 the planar Cu?* spins
are oriented antiferromagnetically along the c¢ axis, so
that the net coupling to a magnetic Cu(1l) would be zero
(assuming classical spins and perfect Néel order). If we
label the net exchange constant between planar Cu atoms
in neighboring bilayers as J,,, then we expect
a;,=J,/J; <<1. With increasing x, the frustrated cou-
plings result in a net decrease of J , which contributes to
the observed decrease in T.>*

In our inelastic scattering measurements we have ob-
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served an energy gap for spin-wave modes involving spin
deviations out of the CuQO, planes, and no gap for in-
plane modes. To model this anisotropy, a small aniso-
tropic exchange term must be included in the spin Hamil-
tonian. Such a term can result from spin-orbit cou-
pling.?*?°> The simplest anisotropic term appropriate for
a spin-} system with XY symmetry has the form
—DS{S;. The anisotropy parameter D can be calculated
with third-order perturbation theory,?*?° and its magni-
tude should be comparable to J (g —2)*. This expression
is probably an upper limit, as experimental values can be
much smaller than such a crude estimate.?® Since J | is
the largest exchange constant in the problem and (g —2)?
is small, it should be sufficient to include anisotropic ex-
change only between spins in the same plane. The g fac-
tor has not been measured in any of the layered cuprate
compounds because electron spin resonance measure-
ments have not revealed any intrinsic resonance feature
in these systems. Nevertheless, if we assume a typical?’
value of g ~2.1, then we expect ap =D /J|| S 1072

B. The spin Hamiltonian and its solution

We will ignore Cu atoms in the chain sites and consid-
er only those in the planes. Those Cu atoms form a
tetragonal lattice with a two-atom basis consisting of one
site in each of the two planes in a unit cell. Let n label
the unit cells and let k= A4, C label the two basis sites, as
indicated in Fig. 1(a). The spin Hamiltonian can then be
written as

H =%JH 2 (Snk'sn-"—a,x_aDSfmS;Jra,K)

nkKa

+J11 2 SaaSate,ct12 X SnaSac s (1

where a denotes displacements to NN sites within a CuO,
plane and c indicates a unit-cell displacement along the ¢
axis. The magnetic lattice has a four-atom basis resulting
from the basis of the chemical lattice and the two spin
directions. In general, there will be four spin-wave
modes. The chemical basis splits them into two acoustic
and two optical modes (labeled by analogy with phonons),
and the anisotropy splits each pair into in-plane and out-
of-plane modes.

As the XY symmetry of the model Hamiltonian allows
the spins to point in any direction in the plane, we will ar-
bitrarily choose the spin directions to be parallel and an-
tiparallel to the x axis. Let the two antiparallel spins in
plane A of unit cell n be labeled S,, and S,,. Following
the standard approach,”® we make the Holstein-
Primakoff transformation to boson creation and destruc-
tion operators ai,an,bl,bn:

Sta=%—aian, Sp=—}1+b1b,,
St =(1—ala )%, SH=bl(1—blb)'?, (2
Sm=al(1—ala ) S5 =01-blb)"%,,

where ST =S74iS”. In the C layer, let the spin on site ¢
sit above and be antiparallel to b in layer 4. The trans-
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formation for spin ¢ has the same form as that for a, with
al,an replaced by ci,cn. Spin d sits above @ and has the
same transformation as b. Spin-wave operators are ob-
tained by Fourier transforming to reciprocal space:

— N 12 ig'n
ag=N >e'dm, ,
n

a;:N—I/ZZ e——iq-naj; ,

n

bq:N—l/Z 2 e~iq~(n+a)bn ,
n

bl:Nfl/Z 2 et’t]-(n+a)bj‘l ,
n

etc., where N is the number of magnetic unit cells in the
crystal. Applying these transformations to Eq. (1) and re-
taining only those terms which are bilinear in the spin-
wave operators (the usual linear-spin-wave approxima-
tion), one obtains the approximate Hamiltonian

Hoy _ i T T t t
;c;”—~— S {(I+qalagag+bybgtegeqt+dedy)

q
+y(1—dapNagbg+alpl +cqd,+cldl)
+la,[y(aqdy+blel)Fyialdl+b,cy)]
—tapylaght +alb_(+egat (+ela )y,

4)
where
fio,=2J, (5)
a=a;ta;, (6)
v =3lcos(g,a)+cos(g,a)] , (7)
and
vi=lyile™, (8)
with
iyl = [J3, +J3, 427, yc08(g,c)]'? , ©)
(U +J1)
6, —tan"! Jysin(g,zc)—J ,sinfq,(1—2z)c] '
Jycos(g,zc)+J ,cos[g,(1—z)c]
(10)

The Hamiltonian H, can be diagonalized by making a
Bogoliubov-type transformation. The eigenfrequencies
@,; are given by

2
Dqj.

w, =+ 50,F 057y

—(’}/Hi%all’}/ﬂ_%aD?/”)z » (1

where the eigenmode labels j=1, 2, 3, and 4 correspond
to the sign combinations —+, ++, ——, and + —, re-
spectively, in Eq. (11). The modes j=1 and 3 are the in-
plane acoustic and optical modes, respectively, while j=2

and 4 denote the out-of-plane acoustic and optical modes.
The eigenoperators are

ag=uglag+b_g)tuglcg+d_g)

—v¥ (atq+b];)-vq1(ctq+d3;) ,

ql
ﬁ:;zz—vgz(aq—b,q)—qu(cq—d_q)
—ublal  —bl)—ugct  —dl),

ag=uglag+tb_g)—uglcg+d_g)
—vial =D Hvget +al),
Bra=—viulaq—b_)+vglcq—d_g)

T)+uq4(ctq—dz) ,

—y* (gt =
ugla’ g—by

where for j=1, 3, the coefficients u,; and vy are given by

aj
172
| M gap —sapy tay; i6,/2
Ugi= e ,
8coqj
14 g, —1 _ 1/2 (13)
- 78%p T 3ApY T Dg; eidzl/z
Y 8wy, ’
and for j=2, 4,
172
1+%ab+%al,yu+wqj i6,/2
qu: 4 ’
ety e in (14)
_ 70D T3ApY |~ Dg; i, /2
Vg = 3 e .
Wqj

Our measurements are restricted to relatively low ener-
gies, and because of the large spin-wave dispersion we
can only study magnons with small q;. Taking into ac-
count that a;,ap <<1 and setting q,=(q,¢,,0)/V2 Eq.
(11) can be expanded to give

@
og~=laia? +a(1=ly.h1?,

1)
quz—‘%-z—[qﬁa2+al(l—|yl| )+4a1>]1/2 ’

" (15)
a)q3z‘/—‘:_|)‘[qﬁa2+al(1+]7/1[)]1/2 ,

@
wq4z‘/—%[qﬁa2+al(l+|yl|)+4aD]1/2 :
If we set q;=0, then the frequencies at the Brillouin zone
center and zone boundary (g, =0 and g, =w/c, respec-
tively) have particularly simple expressions, as shown in
Table I. Although the frequencies listed in the table are
proportional to small parameters, they are also propor-
tional to the very large quantity , so that the dispersion
of the acoustic mode along ¢, and the gaps between
modes can be substantial. As an example, Fig. 3 shows
dispersion curves along the [110] direction, in the CuO,
plane, and along [001], perpendicular to the plane, calcu-
lated with the parameters J =100 meV, «;,=0.026,
@;,=2.6X107% and a;p=3.4X10"% The parameters
a,;, a5, and ap can in principal be determined by



40 NEUTRON SCATTERING STUDY OF MAGNETIC EXCITATIONS . ..

TABLE I. Zone-center and zone-boundary spin-wave fre-
quencies (normalized to w;) calculated using Eq. (11) with
a > as.

Mode Zone Center Zone Boundary
J q,=0, ¢.=0 q,=0, g.=7/c
1 0 Vian,
2 Vi, Vi, +a,
3 Vi, Vi,
4 Va, +ap Via,+ap

measuring the spin-wave frequencies at zone center and
zone boundary. The value of J; can be obtained near
zone center from the 2D spin-wave velocity (¢ =@ /qy)

for the acoustic, in-plane mode, which is equal to V'2J |-

C. Scattering cross section

The differential scattering cross section for spin waves
in YBa,Cu,04. , can be written®’

d’sc _ N | ye? Zk_f, —W(Q2
dQ,dE;, % |m,c? x, L8/ (Qe ]
X[L(14+0 2)&7(Q,0)
+(1—0 8% Q,w)] , (16)

where ¥ is the gyromagnetic ratio of the neutron, f(Q) is
the magnetic form factor for a Cu atom, exp[ — W (Q)] is
a Debye-Waller factor, and QZ=QZ /Q. The scattering
function “Q,w) can be calculated using the general

Spin Waves in AF  YBa,Cuj0

B+x

200 50
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3 ; g
E 100 - 1% g
3 ' 2
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0.25 0 0 05

q”/ vaat q, /c*

FIG. 3. Schematic diagram of spin-wave dispersion in

YBa,Cu304., calculated from Eq. (11) with J; =100 meV,
J,;1=2.6 meV, J,=0.026 meV, and D=0.034 meV. Note that
the energy scales for the two panels differ by a factor of 4. The
2D nature of the magnetic interactions makes the dispersion
very large along g but extremely weak along q,.
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formula

ao — 1 s (Qn—w a a
$ (Qwo)—;;%f e (Qn=eN( S (0)SE(1))dt .

— o0

(17)

Applying the results of the previous section, we find that
for the creation of spin waves

(Q,0)= 3 8(Q—q—G)
G

X 3 (ng;+1)8fiw—"tiwy;)
i=13

X(u;l=1lv;1g%a,j),  (18)

where we have restricted the sum on G to allowed anti-
ferromagnetic (AF) Bragg peak positions, and we have
dropped the neglible terms in which G is a reciprocal lat-
tice vector of the chemical lattice. The formula for
§#(Q, ) is exactly the same as Eq. (18) except that the
sum over modes covers j=2,4 instead of j=1,3. The
Bose factor

ng;=[exp(#iwg; /kT)—1]7",

and the magnetic structure factor g (q,j) is given by
sin{(G-p—¢,)] for j=1,2;

8(q, /)= cos[+(Gp—¢,)] for j=3,4, (19)
where p=zc points between nearest-neighbor CuO,
planes. Using Eqgs. (13) and (14), it is easy to show that
for qa,a,ap << 1,

1

-_—. (20)

o 2
(lug;l—lvg; 1= 20y

III. EXPERIMENTAL DETAILS

A. Neutron scattering

The unpolarized neutron scattering measurements
were performed on triple-axis spectrometers H4M, H7,
and H9A at the High Flux Beam Reactor located at
Brookhaven National Laboratory. Pyrolytic graphite
(002) reflections were used for the monochromator and
analyzer, with typical horizontal collimations of 40'-40’-
40’-80’. At H4M and H7 the analyzer was fixed at 14.7
meV, and a pyrolytic graphite filter was used to eliminate
neutrons with a wavelength of A/2. For measurements at
HO9A the incident energy was fixed at 5.0 meV and a Be
filter was employed to eliminate harmonics.

Each crystal was wrapped in Al foil and mounted on a
thin Al disk. The mount was enclosed in an Al can filled
with He gas for heat-exchange purposes. For measure-
ments from 5 to 350 K, the sample can was usually
mounted in a cryostat cooled with liquid N, or He and
having a thermal weak link allowing temperature adjust-
ment with a heating resistor. In some cases a Displex
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closed-cycle refrigerator was used. Temperatures were
measured with either a Ge diode or a Pt resistance ther-
mometer. One crystal was heated to 500 K in a furnace
with a stagnant He atmosphere.

Measurements using polarized neutrons with polariza-
tion analysis were performed on triple-axis spectrometer
H8. The technique has been described in detail else-
where.3? Briefly, the spectrometer is set up so as to mea-
sure spin-flip (magnetic) scattering. Measurements are
made with a magnetic guide field applied to the sample,
with the field first parallel (horizontal) and then perpen-
dicular (vertical) to the scattering vector. By taking the
difference between the horizontal field (HF) and vertical
field (VF) intensities, one obtains a signal proportional to
one-half of the magnetic cross section, with the back-
ground and residual nuclear scattering contributions in
each channel canceling. For the inelastic scattering mea-
surements, the final neutron energy was 41 meV and no
filter was used.

Superconducting transition temperatures were deter-
mined by the neutron depolarization technique.3! This
method is bulk sensitive, and it is practical for samples
which are too large to fit in a conventional magnetome-
ter. The H8 spectrometer was first positioned at a strong
nuclear Bragg peak of the sample, and the neutron spin
flipper was then adjusted so that only spin-flip scattering
would be detected. (Because of the finite polarization
sensitivity of the spectrometer a small background non-
spin-flip signal was always observed along with the spin-
incoherent scattering.) For each data point, the sample
was cooled from above T, in a vertical guide field. When
the measurement temperature was reached, the scattered
signal was first measured with the vertical field applied.
The guide field at the sample was then changed to the
horizontal direction, and a second measurement of the
scattered signal was made. In the normal state the VF
and HF signals were equally small; however, in the super-
conducting state, flux trapped in the sample during cool-
ing in the vertical field causes the polarization of the scat-
tered beam to be rotated nonadiabatically when the hor-
izontal field is applied. Thus, a large increase in the HF
spin-flip signal is observed when the sample is cooled
below 7,. While this technique provides a good measure
of the transition temperature and its sharpness, we do not
understand the depolarization process well enough to be
able to estimate the fraction of the sample that is super-
conducting.
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FIG. 4. Peak intensity of the (4,1,2) antiferromagnetic

Bragg peak in three YBa,Cu;0q., single crystals as a function
of temperature. The solid lines are guides to the eye.

B. Crystal growth and characterization

The YBa,Cu;Oq¢, , crystals were grown and treated at
the Institute for Molecular Science; the details have been
described elsewhere.’? To obtain large crystals it was
necessary to start with a mixture rich in Ba and Cu. “In-
got crystals” of nearly 1 cm® have been grown which in-
clude significant amounts of the solidified non-
stoichiometric flux. A single ingot can contain
YBa,Cu;0¢., crystals with different orientations as well
as polycrystalline BaCuQO, impurities. The best samples
(the ones which we have chosen to study) contain a large
fraction of uniquely oriented YBa,Cu;O4,, crystal
blocks with a mosaic spread of <2°.

Each crystal was characterized with several different
neutron scattering measurements, the results of which are
summarized in Table II. The relative scattering volumes
were determined by comparing the intensity observed for
an acoustic phonon at Q=(0,0,6.3) and from spin-wave
intensities for the antiferromagnetic crystals. From vari-
ous observations we estimate the scattering volume of
crystal 3 to be approximately 0.5 cm?®. The lattice param-
eters listed were measured at 300 K. The c lattice param-

TABLE II. Various properties of the YBa,Cu;Oq. , single crystals studied by neutron scattering. The scattering volume V has an

uncertainty of 50%. The estimated uncertainty in x is +0.1.

Crystal vV Mosaic Ha+b) c M Ty T,

x No. (cm®) (FWHM) (A) (A) (1g) (K) (K)
0.15 1 0.1 1.2° 3.863 11.82 0.35+£0.05 370+£5
0.15 2 0.1 1.6° 3.865 11.82 0.34:£0.05 > 340
0.3 3 0.5 1.8° 3.863 11.80 0.36:£0.05 260+5
0.45 4 0.1 2.8° 3.862 11.75 40+5
0.5 5 0.1 1.5° 3.863 11.73 20+10
0.8 6 0.1 2.3° 3.858 11.70 83+10
0.9 7 0.3 2.4° 3.860 11.70 85+5
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polarized neutron beam, as discussed in the text. The initial rise
in the spin-flip signal indicates the onset of superconductivity.
The solid lies are guides to the eye.

eter was used to estimate the oxygen content x by com-
parison with data for ¢ versus x found in the literature. >
The Néel temperatures were determined from the tem-
perature dependence of the (1,1,2) antiferromagnetic
Bragg peak as illustrated in Fig. 4. The relatively sharp
transitions indicate that the crystals were reasonably
homogeneous. The low-temperature-ordered magnetic
moment M for each crystal was obtained by comparing
the intensities of four magnetic peaks with those of 5-7
nuclear reflections. Extinction was a problem for the
stronger nuclear peaks, and an empirical correction was
made for it; however, because of the unsymmetrical
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FIG. 6. Temperature vs oxygen content phase diagram for
YBa,Cu30¢4, from Ref. 3. The symbols represent the single
crystals studied in the present work. AF and SC stand for anti-
ferromagnetic and superconducting, respectively.
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shapes of the crystals and the small number of reflections
used, a large systematic error is possible. The depolariza-
tion measurements used to determine T, in the supercon-
ducting crystals are shown in Fig. 5. The depolarization
signal was quite large for crystal 7, which also had the
highest T,.. The transition temperatures (both magnetic
and superconducting) as a function of x are compared in
Fig. 6 with the phase diagram previously determined.?

IV. SPIN-WAVE MEASUREMENTS AND ANALYSIS

A. Fitting analysis

In order to extract exchange parameters from our
spin-wave measurements it is necessary to fit the data by
convolving the theoretical scattering cross section with
the calculated spectrometer resolution function. At finite
temperatures the sharp spin-wave excitations broaden in
energy due to magnon-magnon interactions, and for that
reason, as well as for numerical reasons, the § function in
Eq. (18) is usually replaced by a Lorentzian with a half-
width I'. In fitting some of the constant-Q scans it was
found that to get agreement with the measurements it
was necessary to use a value of I' much less than the en-
ergy resolution. As this caused problems in the numeri-
cal evaluation of the convolution integral, a new convolu-
tion routine was written which assumes that the spin-
wave cross section does indeed contain a & function in en-
ergy. All of the fits shown in this paper were performed
assuming sharp excitations. They were made taking into
account both the in-plane and out-of-plane acoustic
modes with the experimentally determined exchange pa-
rameters discussed below. For each scan a scale factor
was included in the calculations in order to fit the ampli-
tude of the data. For the constant-AE scans, constant
and linear background terms were also included.

In a typical scattering measurement, the neutron flux
coming from the monochromator is monitored, and the
scattered intensity is measured for a fixed number of
monitor counts. When the final energy is held fixed dur-
ing a scan, the filter is placed after the sample to elimi-
nate neutrons at the second harmonic energy. However,
the higher-order neutrons are still detected by the moni-
tor, and since the harmonic content of the beam varies
with energy, a fixed monitor count does not correspond
to a fixed number of incident neutrons of the desired en-
ergy. The harmonic content has been measured as a
function of energy,?* thus making it possible to correct
the data for contamination of the monitor signal. The
correction has been applied to all data shown in this pa-
per where intensity as a function of energy transfer is im-
portant. For a fixed final energy of 14.7 meV, the correc-
tion for an energy transfer AE=10 meV relative to
AE=2 meV is a 30% reduction in intensity.

B. Results

As discussed in the Introduction, the spin-wave disper-
sion in antiferromagnetic YBa,Cu;0q , is nearly two di-
mensional. Figure 7 shows scans across the 2D scatter-
ing rod [scan type A4 in Fig. 1(b)] at the magnetic Bragg
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FIG. 7. Several constant AE scans across the 2D magnetic
ridge in YBa,Cu;30g 3 (crystal 3) at 200 K. The intensities have
been adjusted slightly as noted in the caption for Fig. 2. The
solid lines are fits which are discussed in the text.

peak position (4,1, —2) [q=(0,0,0)] for energy transfers
of 3,9, and 15 meV. The measurements were performed
on crystal 3 (x =0.3) at 200 K; the solid lines are fits to
the data. From the 15-meV scan, we obtain an in-plane
exchange constant of J, =807%) meV. Confirmation of
the magnetic nature of these excitations is given by the
polarized beam data shown in Fig. 8.
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FIG. 8. Constant AE scans at 290 K in YBa,Cu;04;
confirming the magnetic nature of the inelastic 2D scattering.
Measurements were performed with polarized neutrons. The
abscissa corresponds to the difference in spin-flip scattering for
horizontal and vertical field conditions, as discussed in the text.
The energy resolution for these measurements was approximate-
ly 9 meV.

to a ‘“focusing” effect of the spectrometer resolution function.
The solid line is a fit which is discussed in the text.

Figure 9 shows scans along the (4,1,/) rod for
AE =%w=6 meV at temperatures both above and below
Ty. The dominant contribution to the modulation is
from the acoustic mode structure factor, which is de-
scribed by Egs. (19) and (10). For J,; >>J,,, the phase
factor ¢, can be approximated by

b, ~2mzl —(J ;5 /T, )sin(27]) 21

where z, the relative separation between NN planes, is
equal to 0.28 (Ref. 33). Assuming that the second term
makes a negligible contribution, Egs. (19) and (21) predict
minima at / =n /z=0, £3.6, +7.1, etc., as observed. The
solid line is a calculation for 7=200 K using our spin-
wave model. The good agreement with the data is some-
what fortuitous since the magnetic form factor for copper
was not included in the calculation. (The Q dependence
of the form factor is important only for scans over a wide
Q range.) However, the calculation is sensitive to the mo-
saic of the sample, which has been crudely approximated
by a Gaussian, so that discrepancies are to be expected.
That J | is much greater than J, is consistent with the
fact that we observe only the acoustic mode modulation
at low energies. From Egs. (18) and (20) we see that at a
given energy the acoustic and optical modes should have
the same cross section (if we ignore the structure factors).
Since the structure factors for the acoustic and optical
modes are 180° out of phase, the modulation would disap-
pear if both were present at the same energy
(sin’¢+cos?p=1). To search for the in-plane optical
mode, we moved the spectrometer to a minimum of the

acoustic structure factor, Q=(%,%,—3.6), and scanned
the energy transfer up to 30 meV. For comparison we
also scanned at an acoustic mode peak (4,4, —5.4). The

results are shown in Fig. 10, with the background signal
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FIG. 10. Scans as a function of energy transfer at two
different points along the 2D rod, with the background signal
(measured off of the rod) subtracted. The solid circles were
measured at Q=( %, %, —5.4) where the structure factor for the
acoustic mode is at a maximum, while the open circles corre-
spond to Q=( %, %, —3.6) where the optical-mode structure fac-
tor should have a maximum. The inset shows scans across the
2D rod at the two different / points with AE=30 meV and no
background correction. The lack of signal at / = — 3.6 indicates
that the minimum optical-mode energy must be greater than 30
meV.
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FIG. 11. Constant-Q scans at several points along the 2D rod
to demonstrate the polarization dependence of the in- and out-
of-plane acoustic modes. (a) Q=(1,1,—1), ¢=(0,0,—1). (b)
Q=(4,3,— 1), ¢=(0,0,0. () Q=(4,4,—5), ¢=(0,0,0. The

solid lines are fits which are discussed in the text.

[measured at (3+38,1+8,/) with §=0.05] subtracted off.
The inset shows scans across the 2D rod at the two Q
points for AE=30 meV. The acoustic mode signal is still
clearly present at 30 meV, but there is no sign of an opti-
cal mode. From this measurement, we obtain a lower
limit for J; of 2 meV.

The next problem is to determine the out-of-plane an-
isotropy gap and the acoustic mode dispersion. To do
this we have moved to zone-boundary and zone-center
positions for small / (where both in-plane and out-of-
plane modes should be strong) and scanned the energy.
Panels (a) and (b) of Fig. 11 show such scans at
Q=(4,4,—3) and (4,1,—1), respectively. For

L, —1) (zone center) we find a peak at ~5 meV
due to the out-of-plane mode, while at (1,1, —1) we see
peaks at ~3 meV and ~6 meV, corresponding to zone
boundary in-plane and out-of-plane modes, respectively.
The fitted curves shown in the figure were calculated with
J,=0.020 meV (assuming J, =80 meV) and D=0.035
meV (ap,=4.4X10"*). The uncertainties in these values
are approximately +0.005 meV. Moving to large I, we
find that the out-of-plane mode is greatly reduced in in-
tensity as expected from its polarization dependence.

We have observed no evidence of a gap in the in-plane
acoustic mode down to #iw~ 1.5 meV. In order to test for
a gap at lower energies, we improved the energy resolu-
tion by using incident neutrons with an energy of 5 meV.
Unfortunately, most of the measurements were per-
formed at 100 K where excess low-energy scattering is
observed due to moments on the Cu(l) sites, as discussed
in the next section. Further work is required to deter-
mine whether a finite gap exists in the in-plane mode.

Figure 12 shows a scan along the (1, 1,]) rod at AE=2
meV. At this energy one sees not only the structure fac-
tor modulation, as in Fig. 9, but also the effects of disper-
sion. At 2 meV one crosses through the middle of the

YBayCugOgy  E; = 147 meV T =100 K
800 T T T T
_ [ (320)
g
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5 600 - , -
~ I ¢ |
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FIG. 12. Scan along the 2D rod at an energy transfer of 2
meV. The solid line was calculated as discussed in the text. The
modulation is due to a combination of the inelastic structure
factor and dispersion effects.
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in-plane acoustic mode spin-wave branch. The calculated
curve takes the dispersion into account, and it is in quite
reasonable agreement with the measured points.

V. TEMPERATURE-DEPENDENT EFFECTS

The temperature dependence of the (4,1, —2) magnet-
ic Bragg peak is reproduced in Fig. 13(a). There are two
separate regions of interest: (1) near the Néel tempera-
ture, and (2) at low temperatures where the peak intensity
begins to decrease. We will first consider behavior near
the ordering temperature, and then turn to the low-
temperature regime.

In La,CuOQ, it is well established®® that the Cu spins
within individual CuO, layers remain correlated over
many lattice spacings at temperatures well above the 3D
ordering transition due to the extremely large intraplanar
superexchange. The scans along (1,1,7) at 290 and 350
K displayed in Fig. 9 clearly show that in YBa,Cu;Oq ;4
the spins not only in a single layer but in bilayers remain
correlated well above T. Thus, the correlation length
with in a bilayer must be quite large above Ty, and 3D
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FIG. 13. Temperature dependence of elastic and inelastic
magnetic scattering in YBa,Cu;04. ,. (a) Elastic Bragg peak in-
tensity at (2, 3> —2). (b) Inelastic intensity for AE=1 meV at
(;, >»—2) and ( ;, ; ,—1.5). (c) Background-corrected inelastic
> 2, —1.75) for AE=3 and 9 meV. The solid lines
represent the calculated temperature dependence normalized to
the 9-meV point at 200 K, taking the spectrometer -resolution
function into account; the dashed line is a guide to the eye.
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ordering occurs when interbilayer correlations develop.

In Fig. 11(b) the constant-Q scan at 320 K indicates
that the anisotropy resulting in the gap for out-of-plane
fluctuations may still be important above T,. We expect
that the anisotropy will be important as long as the corre-
lation length within a CuO, layer is significant. Such be-
havior may not be unusual, as it appears that the ex-
istence of an anisotropy gap has been observed well above
Ty in the compound CuO. The gap in the antiferromag-
netically ordered phase of CuO has been measured by
neutron scattering® to be approximately 2.5 meV. Be-
cause of the large gap, no magnetic absorption was ob-
served in antiferromagnetic resonance measurements>® at
microwave frequencies at temperatures less than 27,

In order to study the development of 3D dispersion, we
measured the scattered intensity for AE=1 meV at the
spin-wave zone center and zone-boundary points
(3,4, —2) and (4,1, —1.5), respectively. The results are
shown in Fig. 13(b). With decreasing temperature, the
zone-boundary intensity peaks near 290 K and then starts
to decrease. Note that weak elastic scattering first ap-
pears at ~290 K in Fig. 13(a). At the zone-center point
the 1 meV scattering peaks more or less at 7 =260 K.
Hence, it seems that 3D dispersion first appears near 290
K, but long-range order does not set in until a tempera-
ture 30 K lower. We do not know to what extent this be-
havior is dependent on the oxygen content of the com-
pound.

Next we discuss the low-temperature regime. In Fig.
13(a) one can see that the magnetic Bragg peak intensity
has a maximum at 30 K, and that it decreases below that
temperature. A similar behavior was reported by Ka-
dowaki et al.'* in an YBa,Cu,0. , crystal with x ~0.35;
however, with their crystal they saw new superlattice
peaks appear at (4,3,L +5) when the (4,1,L) intensity
began to decrease. The extra reflections occurred due to
ordering of moments at Cu(1) sites. Figure 14(a) shows a
scan at 4.5 K of eldSth scattering along (4, ,) between
the (3,4, —2) and (4,1, —1) magnetic peaks; a scan mea-
sured at 50 K has been subtracted off in order to elimi-
nate contamination from BaCuO, impurities. Instead of
a Bragg-type superlattice peak at (1,1, —3), we observe
diffuse scattering distributed all along the 2D rod, but
peaking at the /=integer peak positions. Thus, at 4.5 K
we observe a superposition of Bragg peaks at (+,4,L) and
the diffuse 2D scattering. At least qualitatively it appears
that below 30 K elastic scattering intensity is transferred
from the Bragg peaks to the 2D rod. As can be seen in
Fig. 14(b), the intensity of the diffuse scattering is also
modulated by the structure factor determined by antifer-
romagnetic coupling of the CuO, bilayers. Similar obser-
vations were reported by Rossat-Mignod et al.*in a crys-
tal of identical oxygen content (x=0.3).

Associated with the change in elastic scattering, we
also see some anomalous inelastic effects. For example,
the intensity at zone center and AE=1 meV shown in
Fig. 13(b) shows an enhancement around 50-100 K. Fig-
ure 13(c) shows background-corrected intensities mea-
sured at Q=(1,1,—1.75) for AE=3 and 9 meV. The
solid lines indicate the temperature dependence calculat-
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ed using the exchange couplings determined at 200 K and
fixing the amplitude factor to fit the 9-meV point at 200
K. The scattering at 9 meV is in reasonable agreement
with the expected temperature dependence; however, the
3-meV data shows a large enhancement which seems to
peak near 50 K.

The energy dependence of the anomaly is further
demonstrated in Fig. 15, which presents measurements of
inelastic scattering at Q=(1,4, —2) for temperatures of
4.5, 50, and 200 K. The solid curves are calculated from
the spin-wave model with the amplitude adjusted to fit
the 200-K data. One can clearly see that at 50 K there is
a large amount of excess scattering at low energies. The
discrepancy with the calculation is smaller but still
significant at 4.5 K.

Although we do not see them order in a coherent
fashion, we expect that a finite fraction of the Cu(l)
atoms should be magnetic. Johnston ez al.'® first noted a
paramagnetic, Curie-type contribution from these mo-
ments in susceptibility measurements. In a recent study,
Farneth et al.'® found that the paramagnetic contribu-
tion from Cu(1)®>* decreases sharply below 20-30 K.
Freezing of the moments due to coupling with CuO,
planes would explain the disappearance of paramagnetic
susceptibility. An incoherent ordering of Cu(1) and Cu(2)
layers can also explain the lack of superlattice peaks and
the appearance of diffuse scattering in the neutron mea-
surements.

Schematic diagrams of magnetic structures are depict-
ed in Fig. 16. In (a) the usual type-I antiferromagnetic
ordering of the CuO, bilayers is indicated by full and
empty bars. In (c) the type-II ordering involving Cu(1)

FIG. 15. Constant-Q scans at magnetic zone center point
(%, %, —2) at temperatures of 4.5, 50, and 200 K. The solid lines
are calculated intensities using the parameters determined from
measurements at 200 K and normalized to the 200-K data, as

discussed in the text.

layers, indicated by broken bars, observed by Kadowaki
et al.' is shown. A mixture of the two structures is
shown in (b), in which the order is dominantly of type-I
with isolated single layers of type-II structure which act
like antiphase boundaries. Such a random mixture of the
two types of magnetic structure would explain the de-
crease in the type-I order parameter at low temperature,
the lack of type-II superlattice peaks, and the appearance
of 2D scattering peaked around the type-I Bragg peak
positions. The excess low-energy inelastic scattering
which peaks near the low-temperature magnetic transi-

Type I Mixed Type 11

@) (b) ©

FIG. 16. Schematic diagrams of different magnetic struc-
tures, as discussed in the text. Each bar represents an antiferro-
magnetic CuO, plane in which the Cu spins have a simple Néel
order. Black and white bars indicate layers with antiparallel
spins. Dashed bars represent magnetically ordered Cu(1) layers.
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tion is presumably due to critical slowing of the Cu(1)?*
moments. Such an interpretation is consistent with the
observation’” of a divergence in 1/T, at 20 K for Cu(1)'*
sites in nuclear quadrupole resonance (NQR) measure-
ments in a sample with x=0.3.

The mixed ordering shown in Fig. 16(b) is not the only
type of magnetic structure defect expected in a crystal
with x ~0.3. Monte Carlo simulations by Lu and Pat-
ton®® indicate that in order to explain the observed de-
crease in Ty for x 2 0.2, magnetic defects in the CuO,
layers are required, as well as the frustrating effects of
Cu(l) moments. An O 2p hole is expected to align the
moments on the neighboring two copper sites ferromag-
netically,”?>% causing a disruption of the antiferromag-
netic order. We know that in La,CuO, a very low densi-
ty of mobile holes kills the long-range magnetic order.
The gradual variation of T between x ~0.2 and 0.4 indi-
cates that holes present in the CuO, planes of
YBa,Cu;0¢ , must be fairly well localized.

That a small number of holes should be present seems
quite reasonable. In the orthorhombic phase the O atoms
in the Cu(1) layer tend to order in chains, and one hole is
induced for each oxygen in a chain.?! It has been sug-
gested*® that the O atoms should also cluster into chain
segments in the tetragonal phase, the random orienta-
tions of the segments resulting in the macroscopic tetrag-
onal symmetry. As is well known, the oxygen content at
which the orthorhombic-tetragonal transition occurs de-
pends on sample preparation conditions. Nakazawa and
Ishikawa®*!' have recently shown that YBa,Cu;Oq, , can
retain its orthorhombic structure down to x~0.2.
Hence, it seems quite likely that Cu-O chain segments are
present in the tetragonal phase at least for x 2 0.2. The
number of holes per chain oxygen will be reduced be-
cause of end effects, but some should be present in any
case.

An isolated Cu(1)** coupled to its Cu(2) neighbors
would have to flip the spin of one of the Cu(2) spins, re-

N SR ol Wes
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FIG. 17. Possible magnetic defect structure for 0.2 <x <0.4.
Solid and open circles indicate Cu moments with antiparallel
spins; the cross-hatched circles indicate Cu(1)! 7. Line segments

represent bridging oxygens. The two arrows represent O 2p
holes; the orientation of the arrows is arbitrary.
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sulting in a defect similar to that of a localized O 2p hole
in a CuO, plane. Actually, we expect the Cu(1)®>" ions
should come in pairs surrounding a bridging oxygen.
The disruption of the antiferromagnetic order can be
minimized, along with the energy, by combining Cu(1)
moments and O 2p holes in a configuration such as that
shown in Fig. 17. The minimal energy of such a
configuration would tend to localize the holes, and hence
prevent the destruction of long-range order. The flipping
of some Cu(2) spins would, however, lead to a reduction
in the order parameter, as observed experimentally. >*

VI. SUPERCONDUCTING CRYSTALS

Neutron diffraction measurements on the supercon-
ducting crystals with x % 0.45 listed in Table II indicate
that they have no magnetic order down to 5-10 K. More
specifically, we have found no sign of any Bragg peaks at
($,4,L) or (4,4,L +1) positions. Assuming that the or-
dering would be the same as for small x samples, we
should be able to detect peaks corresponding to an aver-
age moment of ~0.01u,/Cu®*. This result is in sharp
contrast to a report by Petitgrand and Colin*? of the
coexistence of antiferromagnetism and superconductivity
in a sample with x=0.55. Our negative result suggests
that such a coexistence is not an intrinsic behavior.

We have also looked for inelastic scattering from mag-
netic excitations in these crystals. Most of the measure-
ments have been made at energy transfers of 3 and 6 meV
over a range of temperatures 5-300 K. No scattering
with the expected 2D symmetry could be identified. Al-
though the sizes of the crystals vary, it should be relative-
ly easy to see inelastic magnetic scattering if the cross
section were comparable to that observed in the magneti-
cally ordered x=0.3 crystal. All we can conclude at this
point is that the low-energy magnetic cross section along
the 2D scattering rod is much smaller than that observed
in the tetragonal phase. Our observations are consistent
with the negligible magnetic scattering integrated over
|#iw| <25 meV found in YBa,Cu;0;, by Briickel et al.*®

What are the implications of these negative results?
One possibility is that there are no magnetic moments
present in the superconducting, orthorhombic phase of
YBa,Cu;0q. ,; however, there are many other experi-
mental results which argue against such a conclusion.
First of all, muon spin relaxation? (uSR) and nuclear
quadrupole resonance*® studies indicate that, although
the staggered magnetization measured by neutron
diffraction decreases with increasing x, the local moment
remains constant, at least in the tetragonal phase.
Secondly, magnetic susceptibility measurements'>!® indi-
cate a very gradual change in magnetic properties on
crossing the tetragonal-orthorhombic phase boundary.
Furthermore, light scattering studies indicate that mag-
netic correlations are still present in the orthorhombic
phase. 1

If magnetic correlations do exist in the superconduct-
ing phase, the correlation length is certainly quite short.
The decrease in correlation length on going from the
tetragonal to the orthorhombic phase should cause sharp
spin-wave excitations to broaden considerably; hence,
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even if the integrated intensity is constant, the cross sec-
tion at a given point in reciprocal space should be expect-
ed to decrease by a significant amount. In
La, ,Sr,CuO,_,, the maximum cross section for a given
excitation energy is found to decrease by almost an order
of magnitude due to such correlation length effects.*’ It
is also possible that the spectral distribution may be
modified when holes are present, thus depressing the
low-energy cross section.

We believe that magnetic fluctuations should be
present and detectable in superconducting
YBa,Cu;O¢,,. The problem is to locate the associated
inelastic scattering in (Q,w, T) space. Mezei et al.*® have
observed some low energy diffuse magnetic scattering in a
powder sample with x=0.59 using a neutron spin-echo
spectrometer. Very recently’ we have seen reasonably
strong spin-wave-like scattering in a large orthorhombic
crystal with x ~0.45 and T,=~15 K. (Detailed results
will be reported elsewhere.) Much more work is required
to properly characterize magnetic fluctuations in ortho-
rhombic YBa,Cu;04,, and any relationship they may
have to superconductivity.

VII. SUMMARY

We have used neutron scattering to study magnetic ex-
citations in single crystals of YBa,Cu;O¢.,. Most of the
results reported here are for a large antiferromagnetic
crystal with x ~0.3. A simple linear spin-wave model has
been developed and used to interpret the inelastic scatter-
ing measurements. The Cu(l) sites were initially ignored,
and the magnetic lattice was assumed to consist of just
the Cu(2)*" atoms. Because of the non-Bravais nature of
this sublattice, the spin waves are split into acoustic and
optical modes. A weak anisotropy due to spin-orbit cou-
pling within the CuO, layers causes an energy gap for
spin fluctuations out of the plane, thus resulting in a split-
ting of the doubly degenerate acoustic and optical modes
into in-plane and out-of-plane branches. We carefully
studied the acoustic modes. As in La,Cu0,,%° a very
large intraplanar superexchange is found: J,=801%)
meV. This result is quite consistent with the value of 120
meV obtained from Raman scattering measurements of
two-magnon excitations. !> The direct exchange between
Cu atoms in nearest-neighbor CuO, planes is also surpris-
ingly strong. As a result, the optical-mode energies are
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above 30 meV, and we estimate J,; £ 2 meV. Dispersion
of the in-plane acoustic mode is observable, and from it a
value of J,, =0.020%+0.005 meV is obtained, correspond-
ing to the coupling between next-nearest-neighbor planes.
For the anisotropy, we find D =0.035+0.005 meV.

Above Ty, the CuO, bilayers are still strongly coupled.
Three-dimensional ordering occurs when interbilayer
correlations develop; however, it appears that 3D disper-
sion may develop at a temperature 30 K higher than the
onset of long-range order. Magnetic moments of Cu(1)
sites appear to become important at low temperature.
Below 30 K the magnetic order parameter begins to de-
crease, and diffuse scattering appears along the 2D
scattering rod. This behavior is explained by assuming
that the Cu(l) moments order in an incoherent fashion,
resulting in a mixture of the usual type-I ordering with
some layers of the type-II structure first observed by Ka-
dowaki et al.'* Excess low-energy inelastic scattering is
found to peak in intensity near the structural transition,
and it is apparently due to critical slowing in the Cu(1)
moments.

We have searched for low-energy inelastic scattering
from magnetic fluctuations in several superconducting
single crystals of YBa,Cu;0¢, ,, but so far we have not
been able to identify any. If the cross section were identi-
cal to that in the antiferromagnetic regime, we should
have seen something; however, with the lack of long-
range order, it seems quite likely that magnetic fluctua-
tions should have a broader distribution in reciprocal
space, thus making them more difficult to see. Further
studies are continuing on new and larger superconduct-
ing crystals.
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