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Neutron-Diffraction Determination of Antiferromagnetic Structure of Cu Ions
in YB32CU305+1 with x =0.0 and 0.15
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Neutron-diffraction experiments on ceramic powders of YBa,Cu3Os+x (nonsuperconducting, with
x=0.0 and 0.15) have confirmed the existence of long-range, three-dimensional, antiferromagnetic order
of the Cu spins. The structure determination was aided by the use of uniaxially oriented powders. The
ordering wave vector within a CuQ; plane is (3 3 ) and the planes are coupled antiferromagnetically
along the ¢ axis. The Néel temperature is 400 & 10 K for the x =0.15 % 0.05 sample and X 500 K for

x=0.0.

PACS numbers: 74.70.Vy, 75.25.+z

Since their discovery,1 a great deal of effort has been
expended in an attempt to understand the electronic and
magnetic structures of the superconducting copper ox-
ides. X-ray absorption measurements? indicated that in
La;-,(Ba,Sr)xCuO4-, the Cu ions have localized d
electrons in a 3d° configuration, essentially identical to
that in other Cu?* compounds such as the antiferromag-
netic insulator CuO.? This view was at least partially
confirmed by the discovery* of antiferromagnetism in
La;CuO4-, and is in agreement with some theoretical
expectations.® It has since been established® that the
dominant magnetic correlations in La,CuO4-,, existing
to very high temperature, occur within the CuO; planes.
The Néel temperature TN, which varies from 0 to 300 K
(depending on the oxygen content’), does not properly
reflect the large in-plane exchange interaction, but is ac-
tually determined by both the (large) in-plane exchange
and the much weaker interplanar coupling. The system
YBa,Cu3O¢+, contains almost identical CuQO, layers,&9
and following the realization that the compound is stable
(at least at room temperature) for 0 < x <1, it became
clear to us that antiferromagnetic order of the Cu ions
should also occur in this material for small x.

The unit cell of tetragonal YBa;Cu3Og+, consists es-
sentially of three oxygen-defect perovskite cubes stacked
along the c axis, so that ¢ = 3a. For x =0, there are two
planes of Cu atoms in which each pair of coppers is
bridged by an oxygen, as in the La;—,Sr,CuQO4-, com-
pounds, and a third layer of Cu containing no coplanar
oxygen atoms, as shown schematically in Fig. 1. As x in-
creases above zero, the extra O atoms go into the third
layer.%?

From a simple electron-counting analysis, one would
expect YBa;Cu3Og+, to be an antiferromagnetic insula-
tor for x <0.5. Indeed, experimental studies®'® show
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that x =0.5 is approximately the point above which su-
perconductivity appears. The simple analysis also sug-
gests that for x =0.5 all of the Cu should have a valence
of 2+, while for x < 0.5 some Cu?* might be reduced to

FIG. 1. Proposed magnetic spin structure for YBa,Cu3O¢+x
with x near zero. Only copper atoms are shown for clarity;
cross-hatched circles represent nonmagnetic Cu'?* ions, while
filled 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
magnetic unit cell has the same height as the chemical one, but
it has double the area in the basal plane.
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Cu'*. Some x-ray spectroscopic evidence'! does indi-
cate that Cu'" is present in samples corresponding to
small x. Structurally, one would expect the Cu'" jons to
be localized in the layer with little coplanar O, where the
copper atoms are twofold coordinated by O along the ¢
axis with the short interatomic spacing of 1.81 A.

Our initial search for antiferromagnetism in samples
with x=0.3, 0.4, and 0.5 was unsuccessful. (The x
= 0.5 sample was found to be orthorhombic and super-
conducting.) No anomalies have been observed® in the
magnetic susceptibility which might have indicated ap-
propriate oxygen concentrations or temperatures at
which to look. However, subsequent muon-spin-rotation
measurements'? demonstrated that steady-state, local
magnetic fields indicative of antiferromagnetic ordering
occur near room temperature for x $0.2. The neutron-
diffraction studies were continued on ceramic samples of
x=0.15 and x =0.0. In both samples a very weak peak
was observed at Q =1.268 A ~! at room temperature. A
proper interpretation of this feature was inhibited by our
prejudice against the likelihood of antiferromagnetism at
room temperature in these compounds. However, mea-
surements on an x =0.15 pressed-powder sample, which
had been uniaxially oriented in a magnetic field (follow-
ing Farrel et al.'’), led to the proper indexing of the
peak as (¥ 3 1).

Before continuing the discussion, the experimental
procedures will be briefly discussed. The neutron-
scattering measurements were performed on several
triple-axis spectrometers at the high-flux beam reactor at
Brookhaven National Laboratory. The (002) reflections
of the pyrolytic-graphite monochromator and analyzer
cyrstals were used. Much of the work to be discussed
was performed with 5.0-meV neutrons, where a Be filter
was used to reduce higher-order contamination. Some
measurements were also made with £=14.7 meV and
pyrolytic-graphite filters.

The low-oxygen-content samples were prepared from
YBa;Cu3;07; material which had been produced by the
solid-state reaction technique.®!* The x=0.1520.05
sample was made at Brookhaven by our annealing the
x =1 material at 970 K in N for a day and then furnace
cooling it. The oxygen content was characterized by
weight loss and by profile refinement of neutron-diffrac-
tion data.'* The few impurity peaks observed in the
diffraction pattern had intensities of less than 0.7% of
the strongest peak of the majority phase. The x =0 sam-
ple was prepared at Exxon by the heating of x =1 ma-
terial in a He atmosphere at 1120 K for 8 h. Thermo-
gravimetric analysis yielded x =—0.01 for the final
product.

Approximately 2 g of the x =0.15 sample was ground
to a fine powder, passed through a 400-mesh sieve, and
placed in a cup made of aluminum foil. The sample cup
was vibrated in an 8-T magnetic field at room tempera-
ture in order to align the ¢ axes of the particles parallel
to the magnetic field.!> After removal from the field, the

sample was pressed to form a pellet. A rocking-curve
measurement of the (001) nuclear peak indicated an in-
tensity enhancement of 10 for the peak-to-minimum ra-
tio and a full width at half maximum of =50°. Treat-
ing the oriented sample like a single crystal, we per-
formed scans along various directions in reciprocal space
in which it seemed likely that magnetic peaks might be
found. These scans led to the identification of the
(¥ 1) peak, which caused us to search for other
(% 1 1) reflections, and allowed us to solve the antiferro-
magpnetic structure.

The observation of a peak, assumed to be magnetic,
with h =k =% implies that within a Cu layer nearest-
neighbor atoms have antiparallel spins, just as in the
CuO; layers of lanthanum cuprate. This, together with
integer values for the third index /, implies the antiferro-
magnetic structure shown in Fig. 1. It simply remains to
deduce with which phase the three layers stack along the
¢ axis. In terms of the notation of Fig. 1, and assuming a
collinear spin structure, we have for the magnetic struc-
ture factor

FM;=isin(xh) sin(xk) (p e’ + pg + pce ~27,

where p4, ps, and pc are the amplitude factors for the
A, B, and C antiferromagnetic layers, and z is the frac-
tion of a unit-cell length ¢ by which the 4 and C layers
are displaced from B. (Diffraction studies have shown®®
that z=0.36.) As discussed previously, we expect that
the Cu'” ions should be located in the B layer. In that
case, pg =0, and the other two layers are coupled either
antiferromagnetically (denoted as +0—) or ferromag-
netically (+0+). We have also considered the case in
which all three layers have the same average sublattice
magnetization, in which case the most reasonable possi-
ble sequences are +++ and —+ —. The magnetic
structure factors for these four possible layer orderings
are listed in Table I. The different cases can be dis-
tinguished experimentally by the relative intensities of
(% $1) reflections with / =0-4.

Figure 2 shows measurements of several (3 7/) re-
flections at room temperature in a large (=9 g),
unoriented, sintered pellet of x =0.15 material. Peaks
are clearly observed for /=1 and 2, but no peak is found

TABLE 1. Magnetic structure factors for several different
models (discussed in the text) of antiferromagnetic ordering in
YBa;Cu3O¢+x.

| Foes |2
(hkl) +0— +0+ +++ -+ -
(5 50) 0.0 4.0 9.0 1.0
(351) 2.4 1.6 0.1 5.2
(+32) 3.9 0.1 0.4 1.9
(3 +3) 0.9 3.1 7.6 0.6
(5 54) 0.5 3.5 0.7 8.2

157



VOLUME 60, NUMBER 2

PHYSICAL REVIEW LETTERS

11 JANUARY 1988

YBa,CugOg 45 E =50 meV
:!—VTT_W il
£ 700 F8 Ik y
i ] _ ]
E : ] ]
5 600 - (330) .
5] . ]
=) 5OOF ] I ]
s i I& i ] :i (322)
-
L R L
400 —

112 116 124 128 154 158
Q A"

FIG. 2. Neutron-diffraction scans of (§ /) magnetic peaks
measured for the unoriented sintered pellet of YBa;Cu3Oe.is.
Solid lines are guides to the eye. The reciprocal-lattice param-
eters for this sample at room temperature were measured to be
a*=1.629 A 'and c*=0.530 A"

at /=0, nor at / =4 (not shown). Measurements on the
uniaxially oriented sample showed the / =3 reflection to
be missing also. We find by inspection that, of the mod-
els considered in Table I, the only stacking sequence con-
sistent with the data is +0—. Assuming the ordering to
be +0—, we next consider the orientation of the mag-
netic moment M of a Cu spin with respect to the lattice.
Table II compares the integrated intensities of the same
peaks (obtained at higher resolution) with scaled intensi-
ties calculated for two simple models, Mlic and Mlc.
The intensity ratio of the (3 + 1) peak to the (3 +2) is
consistent with the spins lying in the CuO; planes, as
they do in La;CuO4-); however, unlike the latter case,
there is no unique direction within the plane.

The intensity of the (3 § 1) peak is 0.5% of the (001).
Making use of the magnetic form factor measured '’ for
Cu?* in K,CuF,, we obtain an ordered magnetic mo-
ment of (0.48 +0.08)up per Cu atom at room tempera-
ture (assuming that only % of the copper atoms order
magnetically). This value falls within the range of (0.2
to 0.6)up observed'® as a function of oxygen content in
La2CuO4_y.

The temperature dependence of the (3 +1) peak was
studied by our heating the x =0.15 sintered pellet in a
stagnant He atmosphere. As shown in Fig. 3, the peak
intensity gradually decreases to the background level at
high temperature, and we conclude that 7Tn=400=* 10
K. Temperature-dependent measurements of the

+ 3 1) reflection made on the x =0 sample indicated
that antiferromagnetic ordering survives in that material
to at least 500 K.!”

To verify that the observed scattering is indeed mag-
netic, we have performed two tests. In the first, a search
was made for the (+ 3 1) and (+ +2) reflections in the
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TABLE II. Integrated intensities of magnetic reflections ob-
served and calculated with use of two simple models of the spin
orientation for YBa;Cu3Os.s.

Q Icalc Icalc
(hkl) A7 Tobs Mlc Milc
(+30) 1.152 <75 0 0
(z71) 1.268 430+ 60 440 616
($32) 1.566 590 + 45 571 422
(5 +3) 1.964 <240 81 33
(5 +4) 2.414 <75 26 7

x =0.15 sample using powder x-ray diffraction. No sig-
nal was observed at the level of 0.01% of the strongest
peak, which in the case of x rays is the (103). Secondly,
preliminary measurements of the (5 3 1) reflection in
the x =0 sample were made with use of polarized neu-
trons and polarization analysis.'® The purely magnetic
signal obtained in the spin-flip channel at the center
of the peak is 110*24 counts/h, falling to 10
+ 35 counts/h at points 0.06 A ~! to either side of the
center.

We have argued that the magnetic model shown in
Fig. 1 is the most likely structure for YBa;Cu3Og+, with
x near 0. Consider what happens as x approaches 0.5.
As oxygen enters the B plane, neighboring copper atoms
will be converted from 1+ to 2+, increasing the number
of magnetic atoms in that plane. Moments in the B
plane would likely cause some frustration of the A-C or-
dering, resulting in a reduction of 7T and possibly lead-
ing to a new structure. Experiments are continuing on
samples with x = 0.3-0.4 to study such effects. In any
case, we expect that, in analogy with La2CuO4_y,6 two-
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FIG. 3. Peak intensity (open circles) of the (§ 3 1) magnet-
ic reflection as a function of temperature in YBa;Cu3Og ;s.
Filled circles indicate background measurements. The solid
and dashed lines are guides to the eye.
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dimensional correlations within the CuQO, planes are
quite strong. The study of such properties will require
large single crystals.

There have already been numerous speculations on the
relationship between antiferromagnetic correlations and
superconductivity in copper-oxide ceramics. It is gratify-
ing that the YBa;Cu3O¢+, system is now confirmed to
have very similar magnetic behavior to La,CuOs-,.
Further work will be required to determine the precise
relationship between magnetic interactions and super-
conductivity in these materials.
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