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Neutron diffraction has been used to study antiferromagnetic ordering in YBa;Cu3O¢+x as a
function of x. Evidence for such ordering has been observed only in the tetragonal, nonsupercon-
ducting phase (x $0.4). The magnetic origin of the superlattice reflections has been confirmed

with polarized beam measurements.

A single antiferromagnetic structure was observed

throughout the ordered phase, with a maximum Néel temperature of ~500 K and average or-
dered moment of (0.66 +0.07)up per magnetic Cu atom at x == 0. Magnetic susceptibility mea-
surements suggest that two-dimensional correlations are strong, as in La,CuQO4-,, and may sur-

vive into the orthorhombic phase.

I. INTRODUCTION

The initial discovery!' of high-temperature supercon-
ductivity in alkaline-earth- dopcd lanthanum cuprate and
the subsequent discovery? of the 90-K superconductor
YBa;Cu309 has stimulated a great deal of spe:culatlon3 on
possible new mechamsms for electron pairing in these sys-
tems. Anderson® was the first to emphasize the impor-
tance of antiferromagnetic interactions and their possible
relevance to superconductivity in the cuprate perovskites.
Several schemes for electron (and hole) pairing involving
antiferromagnetic correlatlons and spin fluctuations have
now been proposed

The observation’ ~ !0 of three-dimensional (3D), long-
range antiferromagnetic order in insulating La;CuQO4-—,
was the first direct experimental evidence for superex-
change interactions in the layered copper oxides. That a
Neéel state exists is no great surprise as the antiferromag-
netic ordering of the simplest cupric oxide, CuO, has been
known for quite some time.!! However, by analogy with
other layered antiferromagnetic systems,'? one might ex-
pect the magnetic behavior of La;CuQO4-, to be dominat-
ed by interactions within the CuQO, planes, which are
separated by layers of La;0,. Indeed, neutron scattermg
measurements on single crystals have shown‘ that the in-
traplanar exchange coupling is quite large (on the order of
1000 K), and that above the Néel temperature spin corre-
lations within the planes are consistent with calculations
based on an isotropic, spin- 3 , 2D Heisenberg model. '4

The long-range order in La;CuQj4-,, is easily destroyed
by the addition of oxygen or by substitution of small
amounts of Ca, Sr, or Ba for La. X-ra;' absorption, !’
electron-energy-loss, '® and photoelectron!’ spectroscopic
studies have shown that with doping there is esscnually no
change in the elcctromc configuration of the copper ions,
which is essentially 3d° (2+ valence), while holes appear
in the 2p levels of oxygen. That work suggests that the Cu
magnetic moment should survive into the metallic phase.
Single-crystal neutron scattering studies!® have shown
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that while the addition of holes by doping causes, for a
given temperature, a reduction in the in-plane antiferro-
magnetic correlation length, the 2D correlations are still
present in weakly doped systems. Thus, antiferromagnet-
ic correlations may be significant in the superconducting
phase.

With the expectation that antiferromagnetic correla-
tions should be common to all layered cuprate perovskites,
we began a search for antiferromagnetic order in the insu-
lating phase of YBa;Cu3;Og¢+, using neutron diffraction.
Other studies'®!° have shown that the oxygen content in
this system can be varied from x =0 to 1, with supercon-
ductivity occurring exclusively in the orthorhombic phase
(x=20.4). At lower oxygen contents the structure is
tetragonal, the material is nominally insulating, and anti-
ferromagnetism might be anticipated; however, as the
nominal valence of the Cu atoms varies with the oxygen
content, the most likely composition with which to begin
the search was not immediately obvious. Magnetic sus-
ceptibility measurements'® gave no clear indication of a
three-dimensional transition.

The first evidence for magnetic order came from
muon-spln-rotatlon (1 *SR) measurements on samples
with x near 0.2 Subsequent room-temperature diffrac-
tion measurements on x =0 and 0.15 samples revealed a
single weak superlattice reflection which we had difficulty
indexing, partially because of our prejudice against order-
ing at such a relatively high temperature. Measurements
on a uniaxially oriented powder of x =0.15 material even-
tually led to a proper indexing, from which the magnetic
structure was quickly deduced.

We recently published a short report“ on the antiferro-
magnetic structure in YBa;Cu3Og+, with x=0. Two
other groups have since corroborated the structure.?%23
In this paper a more complete study of magnetic ordering
as a function of oxygen concentration is presented. Mea-
surements with a polarized neutron beam and polarization
analysis have been used to confirm the magnetic origin of
the superlattice reflections. A single antiferromagnetic
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structure, the same as previously presented, is observed
throughout the insulating tetragonal phase. In this struc-
ture, copper atoms within the two CuO, layers couple an-
tiferromagnetically, as do the layers to one another; how-
ever, Cu atoms in the oxygen-deficient layer do not order.
The spin direction is found to be perpendicular to the ¢
axis. The Néel temperature T has a maximum of ~ 500
K at x~0 and decreases toward zero at the tetragonal-
orthorhombic boundary (x = 0.4). The averaged ordered
magnetic moment also has a maximum at x~0 with a
value of 0.66up, and it decreases with decreasing Ty.
While no evidence of ordering has been observed in the su-
perconducting orthorhombic phase, magnetic susceptibili-
ty measurements indicate that the magnetic behavior is
dominantly two dimensional (2D) for samples with small
x, and that the changeover to Pauli-like behavior, which is
found at x = 1, is smooth and gradual.

The paper is arranged as follows. The sample prepara-
tion and experimental procedure are described first, after
which the spin structure is analyzed from measurements
on the x=0.15 sample. Polarized-beam measurements,
confirming the magnetic origin of the superlattice peaks,
are presented next. The oxygen dependence of T and the
average ordered magnetic moment are then discussed, fol-
lowed by an analysis of magnetic susceptibility measure-
ments. The paper concludes with a discussion of the re-
sults.

II. EXPERIMENTAL PROCEDURE

The YBa;Cu3O¢+, samples studied in this work were
prepared by two different methods. In both cases the
starting material was orthorhombic, superconducting
YBa,Cu;07, which had been produced by the (relatively
standard) solid-state reaction technique.'®2* The first
Brookhaven National Laboratory sample, x =0.15, was
obtained by heat treating a sintered pellet of x =1 materi-
al at 940 K in nitrogen for one day, followed by furnace
cooling. The x=0.34 sample was prepared by heating a
pellet to 1070 K in air for a day and then quenching it in
liquid nitrogen. (This sample was initially orthorhombic,
but transformed to tetragonal after being heated to 550 K
in helium.) The oxygen content was determined from
each sample’s weight loss and confirmed by profile
refinement of neutron-diffraction data.?*

Samples of x=0.40 and x=0.0 were prepared at
Exxon Research and Engineering Co. (Annandale, NJ)
by reducing powdered x =0.96 material in helium at 830
and 1110 K, respectively, for 48 h. Other oxygen concen-
trations were obtained by mixing appropriate amounts of
x=0 and x =1 and annealing the mixtures in sealed silica
tubes at 920-940 K for 16 h, followed by furnace cooling.
The oxygen content of the Exxon samples was determined
by thermogravimetric analysis in hydrogen. The two most
oxygen-deficient samples were found to have compositions
corresponding to x = —0.06 and x =—0.01. The compo-
sitions and lattice parameters (determined by x-ray
diffraction) for all of the samples studied are listed in
Table I. X-ray powder-diffraction patterns revealed that
most of the samples were entirely tetragonal or ortho-

TABLE 1. Oxygen content and lattice parameters of
YBa;Cu3Os+, samples studied with neutron diffraction. The
values of x were determined by thermogravimetric analysis or
weight loss as discussed in the text. Lattice parameters are tak-
en from x-ray diffraction measurements at room temperature.
All samples are essentially single phase, except as indicated.
Values in parentheses are estimated standard deviations.

Volume
x fraction a (R) b (A) c (R)
—0.06 3.8576(1) 11.8298(5)
-0.01 3.8586(1) 11.8318(4)
0.15 3.8597(4) 11.8173(12)
0.31* 3.8598(4) 11.790(2)
0.34 3.865(2) 11.794(3)
0.40 3.8608(4) 11.793(2)
0.42 1% 3.8604(3) 11.775(1)
29% 3.8327(9) 3.8839(9) 11.779(4)
0.54 56% 3.874(1) 11.744(7)
44% 3.828(1) 3.890(1) 11.720(5)
0.64 3.862(9) 3.8811(10) 11.740(3)
0.99 3.8242(2) 3.8869(3) 11.680(1)

2Contained 3% orthorhombic phase.

rhombic; however, the dominantly tetragonal x =0.31 and
x=0.42 samples contained small amounts of supercon-
ducting phases (presumably orthorhombic), as revealed
by magnetic susceptibility measurements.

The unpolarized neutron scattering measurements were
performed on triple-axis spectrometers H4M, H4S, H7,
and H9A at the High Flux Beam Reactor, Brookhaven
National Laboratory. The (002) reflections of pyrolytic
graphite crystals were used for the monochromator and
analyzer. Much of the work to be discussed was per-
formed with 5.0-meV neutrons, where a Be filter was used
to reduce higher-order contamination. Some measure-
ments were also made with an incident energy of 14.7
meV and pyrolytic graphite filters. Measurements using
polarized neutrons with polarization analysis of the
diffracted beam were performed on triple-axis spectrome-
ter H8 with vertically-magnetized Heusler (111) trans-
mission crystals as monochromator and analyzer. The in-
cident neutron energy was 14.7 meV.

Each sample was mounted in an aluminum cylinder
which was sealed inside an aluminum can filled with He
exchange gas. The sample can was then mounted on the
cold finger of a Displex refrigerator. For measurements
above room temperature, the sample cylinder was
clamped in a furnace which was filled with a stagnant He
atmosphere in order to avoid oxygen uptake at high tem-
peratures. The x = —0.06 sample (denoted as x =0.0 in
Ref. 21) was inadvertently heated in air, resulting in some
modification of the sample at high temperature.

III. SPIN STRUCTURE

The YBa,Cu3Og¢+ system has a layered perovskitelike
structure.?® The arrangement of copper atoms and bridg-
ing oxygens for the x =0 composition are shown schemati-



cally in Fig. 1. The A and C planes are infinite sheets
made up of CuQO; units, while the oxygen content of the B
layer increases as x increases from zero to one. 1826 Start-
ing with empty oxygen sites in the B plane at x =0, oxy-
gen atoms randomly fill sites between the copper atoms
along the a axes, so that the tetragonal symmetry is main-
tained up to x = 0.4. Beyond that point the oxygens tend
to order into chains parallel to a unique axis, labeled b, re-
sulting in an orthorhombic phase. At x =1, all of the
bridging sites parallel to the b axis are full.

The spin structure in the antiferromagnetic phase was
determined from superlattice reflections observed in the
x=0.15 sample.?! Figure 2 shows some of the antiferro-
magnetic and weak nuclear Bragg peaks measured at 9 K
with an incident energy of 5.0 meV. The low energy, to-
gether with fairly tight collimation,?’ were required to
separate the (3 + 2) from the (003) and the (§ 7 3) from
the (102). The indexing of the (+ + 1) peaks was facili-
tated by measurements on an oriented powder as dis-
cussed previously.

The derivation of the spin structure from the measured
peaks, once the indexing is known, is fairly straightfor-

(a)

FIG. 1. Proposed magnetic spin structure for YBaCu3Og+x
with x near zero. Only copper atoms are shown for clarity;
cross-hatched circles represent nonmagnetic Cu'* ions, while
solid and open circles indicate antiparallel spins at Cu?* sites.
Solid lines connect pairs of sites bridged by oxygen atoms. Two
full chemical unit cells are shown stacked vertically; the mag-
netic unit cell has the same height as the chemical one, but it
has double the area in the basal plane.
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FIG. 2. Neutron-diffraction scans of several magnetic and
weak nuclear peaks measured on YBaxCu3Oe15 at 9 K. The
lines are guides to the eye.

ward. The only superlattice peaks observed correspond to

1 L) reflections, where / is an integer. Assuming that
the magnetic moments are localized at the Cu sites, the
fact that h and k are half-integers implies that within a
CuO; layer nearest-neighbor Cu atoms have antiparallel
spins, just as in the CuO; planes of La;CuOj4-,. % The re-
sulting magnetic unit cell has twice the volume of the
chemical one.

The remaining problem is then to determine the stack-
ing phase of the three layers along the ¢ axis. Assuming a
collinear spin structure, the magnetic structure factor,
normalized to the chemical unit cell, is

FM; =isin(zh)sin(zk)(pse? + pg +pce ~1¥)
§))

where p4, ps, and pc, are the amplitude factors for the 4,
B, and C antiferromagnetic layers, as denoted in Fig. 1,
and z is the fraction of a unit-cell length ¢ by which the 4
and C layers are displaced from B. Each amplitude factor
pi is given by

pi =% yoM;f(Q)sinn, ()

where 70=0.269%10 "' cm/up, M; is the average or-
dered magnetic moment (in Bohr magnetons, up) for a
Cu atom in the ith layer, f(Q) is the magnetic form fac-
tor for a Cu atom, and 7 is the angle between the scatter-
ing vector Q and the direction of the magnetic moment.
From the symmetry of the lattice, we expect that
M, 4=Mc. To constrain the relative magnitudes of M4
and M3y it is helpful to consider independent information.
X-ray absorption measurements?® at the Cu K edge in
YBa,Cu3O¢+ indicate the presence of Cu'™ as well as
Cu?* ions for small x. Similar measurements on uniaxi-
ally oriented powder samgles demonstrate that the Cu'™
is located in the B layer.”’ In a purely ionic model one
would expect one-third of the Cu ions to be 1+ at x =0,
with the fraction of Cu!* decreasing linearly to zero as x

goes to 3. For the x=0.15 sample in question, 70% of



2480 J. M. TRANQUADA et al. 38

TABLE II. Integrated intensities of magnetic reflections ob-
served and calculated using two simple models of the spin orien-
tation for YBa;Cu3Oe.15. Measurements were made at 7 =9 K.

Icalc Iealc
(khl) Q@A™ Tobs Mlc Milc
(+30) 1.152 0% 100 0 0
CE2)) 1.268 1300+ 70 1329 1811
(+12) 1.566 1760 =110 1724 1241
(++3) 1.964 210+ 80 245 97
(;+4) 2.414 90+ 110 79 21

the Cu atoms in the B layer should be 1+. We therefore
conclude that Mp < M 4.

Assuming for the time being that pp =0, the 4 and
C layers can couple either ferromagnetically or anti-
ferromagnetically, yielding a factor of cos(2xz/) or
sin(2xz!), respectively, in Eq. (1). The lack of a (§ +0)
peak clearly indicates that the latter ordering is the
correct one. [Note that the spin direction, when averaged
over equivalent reflections, cannot cause the (+ % 0) in-
tensity to be zero.] A finite-ordered moment in the B lay-
er would tend to frustrate the antiferromagnetic next-
nearest-neighbor A4-C coupling, leading to the conclusion
that pg =0.

The final problem is to determine the spin direction. As
the symmetry of the lattice is tetragonal, the most that
one can determine from powder-diffraction measurements
is the angle between the magnetic moment and the ¢ axis.
It seems likely that the spins either lie in the plane or are
perpendicular to it, and hence we will limit our analysis to
these two choices. Table II shows a comparison of mag-
netic Bragg intensities observed (Fig. 2) and calculated
for the two models. The agreement is clearly much better
with the calculations which have the spin in the plane.
Using a linear interpolation of the magnetic form factor
measured > for Cu?? in ferromagnetic K,CuFg, the aver-
age ordered moment is found to be (0.50 +0.05)up as-
suming that only the Cu atoms in the 4 and C planes con-
tribute to the Bragg scattering.

IV. POLARIZED-BEAM MEASUREMENTS

It was assumed in the preceding section that the ob-
served temperature-dependent superlattice reflections are
magnetic in origin. To verify this hypothesis, measure-
ments were made with polarized neutrons and polariza-
tion analysis. The technique is described in detail else-
where.3! Briefly, the spectrometer is set up so as to mea-
sure the cross section for spin-flip (magnetic) scattering.
Measurements are made with a magnetic field applied to
the sample, with the field first parallel (horizontal) and
then perpendicular (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 background and residual nuclear scattering con-
tributions in each channel canceling. Figure 3 shows

YBa,Cuj04, E =147 meV
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FIG. 3. Polarized-beam results plotted as the difference be-
tween horizontal and vertical field configurations (discussed in
text) for the (7 ¥ 1)-reflection showing that it is indeed magnet-
ic in origin.

I(HF) —I(VF) measured for the (5 1) reflection. The
peak is clearly present, and a comparison with non-spin-
flip measurements of nuclear peaks indicates that the rela-
tive intensity of the (3 +1) is consistent with that ob-
served in the unpolarized measurements. We conclude
that our interpretation of the (§ 3 /) reflections as indi-
cating antiferromagnetic order of the Cu spins is correct.

Because of a high background level, it was difficult to
observe any magnetic peaks for the x =0.34 sample with
unpolarized neutrons. However, polarized-beam mea-
surements indicated a finite ( 3 1) peak up to room tem-
perature. (We did not check the sample at higher temper-
atures.) Polarization measurements were also made on
several weak, unidentified peaks observed in the x =0.64
sample. None of these was found to be magnetic.

V. TEMPERATURE AND OXYGEN DEPENDENCE

For all of the tetragonal-phase ceramic samples studied,
the (£ + 1) peak was observed at low temperatures. No
evidence for any half-integer / peaks was observed, al-
though in several cases the position of the (¥ 3
reflection (the first strong peak which would be expected if
the unit cell were doubled along the ¢ axis) was obscured
by impurity peaks (probably from BaCuQ;). The Néel
temperatures of the various samples were determined by
monitoring the peak intensity of the (3 1) reflection as
a function of temperature. For the x =0.31 sample the
(§+ 5 1) was strongly contaminated by the (321) reflection
of BaCuO,, and so the temperature dependence of the
(4 +2) was studied. The temperature dependence of the
(1 1 1) measured for the x =0.15 sample is shown in Fig.
4. Because of the weak intensity of the magnetic scatter-
ing and the resultant large uncertainties in the measure-
ments, it is not possible to draw any conclusions concern-
ing the nature of the transition.
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FIG. 4. Difference between peak and background intensities
for the (3 1) magnetic reflection in YBa,Cu3Og,s as a func-
tion of temperature. Solid circles: measurements at 14.7 meV
with sample in Displex refrigerator; open circles: measured at
5.0 meV in furnace. Intensity units are arbitrary and the two
sets of data have been normalized at 300 K. Counting time was
a minimum of 7 min/point.

The Néel temperature as a function of oxygen concen-
tration is shown in Fig. 5. At small x, T is significantly
greater than the maximum of ~300 K observed®’ in
oxygen-deficient La,CuO4—,. As x increases, T changes
slowly until the tetragonal-to-orthorhombic transition is
approached, at which point it quickly falls to zero. There
appears to be no region of overlap between the anti-
ferromagnetically-ordered and the superconducting
phases. The results presented here appear to be in reason-
able agreement with those obtained in a recent muon-
spin-rotation and relaxation study. 32

We have also evaluated the average ordered magnetic
moment for the antiferromagnetic samples; the results are
plotted in Fig. 6 as a function of T. Except for the value
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FIG. 5. Phase diagram for YBa2Cu3Og¢+x showing Néel tem-

peratures determined by neutron diffraction; AF denotes anti-

ferromagnetic, SC denotes superconducting. Representative

values of the superconducting transition temperature 7. have
been taken from Ref. 18. Solid lines are guides to the eye.
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corresponding to the x =0.31 sample, which is known to
be mixed phase, the moments show a roughly linear varia-
tion with the Néel temperature. The range of moments
and their variation with T are quite comparable to those
observed? in La;CuO4- y. Possible reasons for the varia-
tion will be considered in the Discussion section.

VI. MAGNETIC SUSCEPTIBILITY

Before antiferromagnetic ordering was demonstrated by
ptSR (Ref. 20) and neutron-diffraction?! experiments,
dc magnetic susceptibility had been measured as a func-
tion of temperature.'® No features indicative of a three-
dimensional phase transition were identified in the suscep-
tibility data. It is of interest to reconsider the susceptibili-
ty measurements in light of the present diffraction results.

In order to isolate the features intrinsic to YBa,Cus-
Og¢+, it is important to first correct for contributions from
impurity phases. One common impurity, BaCuO,, is
known to be paramagnetic from both susceptibility>>34
and electron-paramagnetic-resonance** (EPR) measure-
ments. In fact, BaCuO; impurities are believed to be en-
tirely responsible for the low-temperature EPR spectra
typically measured on RBa;Cu3O¢+x (R denotes rare
earth) samples. The susceptibility measurements'? on
samples of YBa;Cu3O¢+, all appear to contain a
paramagnetic contribution which tends to dominate at low
temperature. To extract the intrinsic signal, a Curie-like
contribution (=C,/T) was fit to the data and subtract-
ed.?> The corrected susceptibility, ¥ =2, — (C,/T), is
shown in Fig. 7(a), with the coefficients Cg plotted in Fig.
7(b). The fitted Curie coefficients are consistent with a
maximum of 1.7% of isolated paramagnetic Cu?* impuri-
ties, equivalent to 5% of the Cu in the B layers. The sharp
drops in 2% below 100 K for the nonsuperconducting
samples probably result from trace (ppm) amounts of su-
perconductivity.

First consider the corrected susceptibility for the nonsu-
perconducting samples shown on an expanded scale in
Fig. 8. Each curve is dominated by a broad maximum at
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FIG. 7. (a) Magnetic susceptibility, corrected for a Curie-
like contribution, plotted vs temperature for a range of oxygen
concentrations in YBa;Cu3Og+x. (b) Curie coefficient C; for
the correction applied in (a) as a function of x.

Z 800 K, and x is found to decrease with decreasing tem-
perature.3¢ This behavior is quite similar to that observed
in other layered antiferromagnetic compounds, a large
group of which share the K,NiF; structure.'? Such broad
maxima are believed to be explainable in terms of the
paramagnetic properties of a 2D Heisenberg model.
From calculations based on high-temperature series-
expansion techniques, Lines®’ found that the position of
ZXmax should occur at a temperature comparable to the in-
traplanar exchange parameter J. In the present case,
T (Xmax) is quite similar to the value of J estimated from
the spin-wave dispersion measured in La;CuO4 -, by neu-
tron scattering. '?

Looking at more-detailed features, one may notice that
each of the curves in Fig. 8 has a weak bump or kink (in-
dicated by arrows) at a temperature close to the corre-
sponding Néel temperature measured by diffraction. The
small change in slope at Ty is consistent with the suscepti-
bility observed in the region of the 3D ordering tempera-
ture in other quasi-2D antiferromagnetic compounds. '?
(In contrast, the strong peaks observed”® at Tn in
La;CuO4-, are rather anomalous.) Ironically, these
cusps were noticed previously, but not mentioned,'® be-
cause they were so small and so different from the behav-

1 |
400 600 800
TEMPERATURE (K)

1
200

FIG. 8. Corrected magnetic susceptibility data for antiferro-
magnetic samples plotted on an expanded scale. The arrows in-
dicate bumps which correspond to the Néel temperature. For
clarity the curve for x=0.32 has been shifted upward by
0.3%x10 " cm?/g.

ior in X(7’) seen in La;CuO4 -, near Th.

Returning to Fig. 7(a), one can see that the susceptibili-
ty measured for samples with high oxygen contents is
more temperature independent and Pauli-like. As the ox-
ygen concentration is varied, X varies smoothly between
the 2D-antiferromagnetic and Pauli-like extremes. No
distinct change in behavior is observed in ¥ for 7> 100
K) near the orthorhombic-tetragonal phase boundary.
[For a quantitative assessment of this evolution in X(7)
with oxygen content, see Ref. 38.] It appears that the
effective strength of antiferromagnetic interactions de-
creases gradually and continuously with increasing oxygen
content, in contrast to the distinct disappearance of long-
range order and the onset of superconductivity. Similar
conclusions have been reached in recent inelastic light-
scattering studies of spin-pair excitations.’

VII. DISCUSSION

Planes of CuQO, units are the common structural ele-
ment shared by YBa;Cu3Og+x and La;CuO4—,. It is now
well established that the strongest magnetic interactions
in the latter system occur within the planes. Recent
theoretical analyses!* have explained quantitatively the
temperature dependence of the antiferromagnetic correla-
tions within the CuO; planes above 7. When the 2D
correlations become sufficiently long range, 3D ordering
follows because of weak but finite interplanar coupling.
One reason that the interplanar interaction is weak is due
to the body-centered stacking of CuO, planes in
La;CuO4-,. The magnetic coupling between a given Cu
atom and its four Cu neighbors 7.1 A away in a nearest-
neighbor plane would cancel exactly, resulting in no net
coupling, if not for the orthorhombic distortion of the
nearly-tetragonal lattice. The Cu spins lie within the
planes along the c¢ axis, which is a special direction due to
the orthorhombic distortion.
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In YBayCu3Og+x, the Cu spins exhibit the same
V2x+/2 ordering within the CuO; planes; the spin direc-
tion is within the plane, but the tetragonal symmetry does
not allow one to determine the in-plane orientation. Cou-
pling between planes, however, is significantly different
from that in La;CuQO4-,. Along the ¢ axis, Cu atoms in
neighboring A and C planes are separated by only 3.3 A,
significantly less than the in-plane Cu-Cu distance. Since
these atoms are not bridged by oxygens, the magnetic in-
teractions will be mostly dipolar. Copper atoms in next-
nearest-neighbor A4 and C planes can interact via superex-
change through the intervening B layer. In layered sys-
tems the Néel temperature is generally assumed to be
determined by the relation kTy ~J &2, where Ep(T) is
the magnetic correlation length within a layer and JT is
the effective coupling between planes. In La;CuO4-,, &2p
has been measured as a function of temperature in a crys-
tal with Ty =195 K; the resulting effective between-plane
exchange is found to be ~0.002 meV. Assuming that the
2D correlations are quantitatively the same in YBa;Cus-
Og+x, a Ty of 400 K would require roughly a hundredfold
increase in JT, consistent with expectations for the inter-
layer dipolar and superexchange couplings.

The B layers are another unique feature of YBa;Cu;-
Og¢+x- As discussed previously, we expect this plane to be
filled by Cu'* at x =0. However, as the amount of Cu2*
in the plane increases with x, one might expect the in-
teraction of these moments with the 4 and C planes to re-
sult in either a suppression of T due to frustration of the
A-C next-nearest-neighbor ordering or a new structure
with doubling of the unit cell along the ¢ axis. Because of
the small fraction of filled oxygen bridge sites within a B
layer, the greatest impact of Cu?* in the plane should be
on superexchange coupling with the 4 and C layers.
Somewhat surprisingly, Fig. S shows that Ty decreases
relatively little up to x = 0.4 where 80% of the B-plane
Cu should be nominally 2+. Furthermore, we have ob-
served no evidence of c-axis doubling in our ceramic sam-
ples at any temperature (although it is not absolutely
ruled out in the large-x samples). Two other groups have
also reported the antiferromagnetic structure shown in
Fig. 1 for small-x powders?>? and for a NdBa,Cu3O¢+x
single crystal.?> However, in a study of an YBa;Cu3O¢+x
single crystal with x~0.35 and Tn =405 K, Kadowaki
et al. *° have observed (+ + %) peaks which first appear at
~40 K and which grow in intensity as the temperature
decreases. The new structure results from ferromagnetic
coupling along the ¢ axis of Cu?* ions in nearest-neighbor
A-B-C layers;***! the antiferromagnetic coupling be-
tween nearest-neighbor 4 and C layers remains the same.
The appearance of such a second phase at low tempera-
ture has also been found by Lu and Patton* in Monte
Carlo simulations for both Ising and x -y models. The cal-
culations indicate that (1) the second type of ordering
should not occur until a sufficient fraction of Cu2* ions is
present in the B layers, (2) the appearance of the second
phase should occur at T < T, and (3) the two types of
ordering may coexist over a large temperature range.
Further experimental work will be required to determine
the phase boundary for the second type of ordering.

The relative insensitivity of the ordering temperature to
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the value of x in YBa;Cu3Og+, is in stark contrast to the
behavior observed®3® in La,CuQy -, where a change in y
of 0.03 results in a 300-K swing in T. The cause of this
difference can also be traced to the B layers. In the lan-
thanum compound, the addition of oxygen is believed %43
to result in valence-band holes, similar to those which
occur when Sr is substituted for La. The holes, which are
localized on the O atoms,'>~!7 tend to frustrate Cu-Cu
superexchange interactions,>*’ thus weakening the net
magnetic couplings and reducing Tn. Holes introduced
into YBa;Cu3O¢+, should have a similar effect. A finite
number of paired holes are presumably’ responsible for
the superconductivity observed in the orthorhombic phase.
In the tetragonal structure, however, a neutral oxygen
atom added to a B layer can satisfy its desire for electrons
by converting two Cu'!" atoms to Cu?*. Holes must be
relatively insignificant throughout most of the tetragonal
phase; otherwise, T could not remain so high over such a
broad range of oxygen concentration.

The maximum ordered moment of 0.66up observed for
x=—0.06 is quite similar to the moment of 0.68up
found'! in CuO and the maximum value of 0.6uz ob-
tained® in La,CuO4—,. Assuming a g factor of ~2.2,
typical for Cu?* ions,* and a classical spin of %, a max-
imum moment of 1.1up might be expected. The observed
value may be lower due to quantum fluctuations and/or
covalency effects. The reduction due to quantum fluctua-
tions can be estimated from spin-wave theory.’’ The
maximum reduction occurs for a completely isotropic 2D
Heisenberg system, in which case a moment of 0.67ug
would be expected. Interplanar coupling as well as anisot-
ropy will tend to mitigate the zero-point spin deviation;
however, as long as these effects are quite weak compared
to intraplanar coupling, as we believe they are, the isotro-
pic limit is a reasonable approximation.?’ Thus, it ap-
pears that any reduction in the moment due to bonding
effects is minimal.

We have found that the average ordered moment de-
creases with decreasing Néel temperature and increasing
oxygen content. Neutron-diffraction measurements have
revealed a similar behavior in La2CuO.4,-y,9 while z t*SR
studies of the same system show very little variation in lo-
cal magnetic field with Tx.!° The u*SR technique is a
local probe of magnetic order and is sensitive only to mag-
netic order which is frozen on the time scale of usec. It
appears that in La;CuO4-, the moment per Cu ion stays
relatively constant while the average ordered moment ob-
served by diffraction decreases with increasing oxygen
content. We expect that the same is true in
YBa;Cu3O¢+x. How can one explain this behavior? In
La,CuOs-, it is believed*® that the presence of holes
causes a reduction of the effective magnetic coupling be-
tween planes as well as within planes, so that locally some
planes may not order three dimensionally or may order in
a random fashion, thus reducing the fraction of Cu atoms
contributing to the Bragg peaks. While the presence of
holes should have a similar effect in YBa,Cu3O¢+4,
another possibility involves the increasing numbers of
Cu??* jons in B layers which could cause frustration in
A-C next-nearest-neighbor coupling. If locally some of
the A-B-C trilayers were to couple ferromagnetically
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rather than as shown in Fig. 1, the Bragg peak intensities
would be reduced. The average ordered moment would
therefore be reduced, while the local moments would
remain unchanged.

Several theories* ~® of the superconducting mechanism
in the cuprate perovskites have invoked antiferromagnetic
interactions and spin fluctuations. The present neutron-
diffraction results demonstrate that antiferromagnetic in-
teractions are quite strong in YBayCu3Og+x, at least in
the tetragonal phase. The susceptibility measurements
suggest that, as in LayCuQO4—-,, coupling within the CuO,
planes dominates the magnetic behavior, and that 2D
correlations survive into the superconducting orthorhom-
bic phase. (The same conclusion has been reached for the
superconducting Laj; - ,Sr,CuO4 -, compounds. 3) 1t will
be interesting to study paramagnetic scattering from both
insulating and superconducting phases of YBa;Cu3Og+x
when sufficiently large crystals become available. In any
case, whether or not antiferromagnetism is directly in-
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volved in electron pairing, any comprehensive theory of
superconductivity in the layered copper oxides should be
able to account for long-range magnetic order in the
oxygen-deficient insulating phases and for the characteris-
tic behavior of the susceptibility in the superconducting
ones.
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