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Neutron powder diffraction has been used to study the crystal structure and magnetic ordering
of YBa;Cu3-,Co0xO7+, with x =0.84 and y=0.32. Rietveld refinement of the crystal structure
was carried out at 295 K (space group P4/mmm, a =3.888 A, ¢ =11.636 A) and showed in par-
ticular that Co substitutes in the Cu(1) position of YBa;Cu3O7-,. Long-range, three-dimensional
antiferromagnetism was observed up to a Néel temperature of about 405 K. All five detected
magnetic peaks could be indexed on a wave vector (§ + +) with A,k,/ all odd, indicating a
body-centered tetragonal magnetic unit cell with amsg=a+/2, cmag=2c. At 9 K the proposed
magnetic structure has moments parallel to ¢ and antiferromagnetic ordering within both Cu and
Co layers. Adjacent moments in neighboring Cu layers are antiparallel whereas the small mo-
ments found in the Co layers are parallel to their adjacent moments in the neighboring Cu layers.
The ordered moment was 0.87up for the Cu layers and 0.16up in the Co layers, respectively.
With increased temperature the ordered moments in the Co layers decrease faster than those in
the Cu layer. At room temperature the ordered moment was 0.65u5 for the Cu layers with no
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detectable ordered moment in the Co layers.

INTRODUCTION

In the search for an understanding of the high-
temperature superconductivity found in cuprate com-
pounds,! numerous theories have been proposed®® em-
phasizing that antiferromagnetic interactions may play a
key role in the understanding of the mechanism of super-
conductivity in this class of compounds. The observation
of three-dimensional (3D), long-range antiferromagnetic
order first in La;CuOs-, (Ref. 4) and later also in
YBa,Cu307-, (Refs. 5 and 6) with Néel temperatures of
up to 500 K, provided experimental evidence for superex-
change interactions in those compounds. Neutron scatter-
ing measurements on single crystals of La,CuQO, showed
evidence’ for 2D correlations within CuO, layers, even
above the Néel temperature.

It is well established® that the structure of YBa,Cu;-
O7-, can be viewed as a packing along the ¢ axis of Y,
CuO,, BaO, CuO,-,, BaO, CuO; layers. The oxygen
atoms in the CuO,; -, layers may be ordered (orthorhom-
bic structure) or disordered (tetragonal structure) de-
pending on oxygen content, temperature, and sample
preparation. Numerous mixed YBa;Cu3-M,07-,
(M =3d transition metal) phases have been synthesized
and their structural, superconducting, and magnetic prop-
erties characterized.® !2 Generally substitutions for Cu
show a diminution of T, as the doping concentration is in-
creased. In order to investigate the relation of supercon-
ductivity and magnetic interactions, it is of interest to
determine how the observed antiferromagnetic ordering in
YBa,;Cu307 -, is influenced by the substitution of a mag-
netic transition-metal atom for copper. Magnetic-
susceptibility measurements on cobalt-substituted samples
showed evidence that the antiferromagnetic coupling
within CuO; layers® is maintained in the substituted
phase. Structural studies of these samples showed that Co
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substitutes for Cu up to x =1 and that it goes mainly into
the Cu;—, layers.®!? With increasing cobalt substitution
T. decreases continuously and is less than 4.2 K at
x=0.4.1°

In this work we present a neutron-powder-diffraction
study on a sample of nominal composition YBa;Cu;CoO4.
Its crystal structure was refined and compared with the
structure of other reported compounds of the series
YBa;Cu3-xCo0,07+,. It is shown that the magnetic in-
teractions give rise to 3D antiferromagnetic ordering and
a model for the magnetic structure is derived from the ob-
served superlattice peaks.

EXPERIMENT

Sample preparation

Dried powders of Y,03, BaCOj3, CoCOs3, and stoichio-
metric CuO were weighed out to produce a nominal com-
position YBa;Cuy;CoO7+,. These powders were ground
together, pressed into a pellet, placed in a Pt crucible,
heated in air to 1170 K, maintained at this temperature
for one day, removed from the furnace at temperature,
and cooled in air. The resulting material was reground,
pelletized, and heated again in air at 1170 K for another
day. After a final regrinding and pelletizing, the sample
was heated in oxygen for two days at 1230 K, then for 4 h
at 970 K, and finally furnace cooled to room temperature.
Checks by x-ray powder diffraction showed the expected
tetragonal phase together with a few small unidentified
impurity peaks.

Oxygen content

The oxygen content was determined iodometrically by
dissolving 0.1-0.2 g of finely ground sample and about 0.6
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g of KI in 5 ml of HClL. To allow the powder to dissolve
completely, the mixture was stirred, treated in an ultra-
sonic bath, and stirred again. The solution was added to
4-5-ml buffer solution (glacial acetic acid with NH,OH
added to give a pH = 3.5) and titrated with standardized
sodium thiosulfate. KSCN was added to desorb untitrat-
ed I, in the later stages of the titration and starch was
used as the end-point indicator.

Crystal structure

Neutron powder diffraction measurements were carried
out on the triple-axis diffractometer H4S at the Brook-
haven National Laboratory High Flux-Beam Reactor
(HFBR). The experimental configuration consisted of a
pyrolytic graphite monochromator and analyzer in the
(002) and (004) settings, respectively, and the following
collimation: 20’ in-pile, 40’ monochromator-sample, 40’
sample-analyzer, and 20’ analyzer-detector. The neutron
wavelength was 2.3730(5) A, a pyrolytic graphite filter
being used to suppress higher-order wavelengths. The
sample consisted of approximately 8 g of material in the
form of a cylinder about 1 cm in diameter and 1.7 cm in
height. The data were obtained at room temperature by
step scanning at 0.1° intervals over a 26 range of
8°-131°. The counting time for each data point was typi-
cally 30 sec.

Magnetic structure

Unpolarized neutron scattering measurements were
performed on the triple-axis spectrometers H4S and H9A
at the HFBR. Pyrolytic graphite crystals in the (002) set-
ting were used for monochromator and analyzer. Most
of the measurements were done with 5.0-meV neutrons
(L=4.05 A), where a Be filter was used to eliminate
higher-order contamination. The sample was mounted in
an aluminum cylinder which was sealed inside an alumi-
num can filled with He exchange gas and then mounted on
the cold finger of a Displex refrigerator. For measure-
ments 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. Some room-temperature measurements were
also made with an incident energy of 14.7 meV (A =2.35
A) and pyrolytic graphite filters to extend the range of ac-
cessible wave vectors. The counting time for a data point
was 3-15 min, depending on the expected intensity of the
magnetic peak to be measured. Several peaks were mea-
sured a second time to increase the counting statistics.

DATA ANALYSIS

Oxygen content

We assumed a valence of —2 for oxygen and that Cu
and Co reduce to Cu'* and Co?*, respectively. From the
results of the titration an oxygen content corresponding to
y=0.23(3) can be calculated if we assume stoichiometric
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YBa;Cu;Co07+,. However, when we allow for the im-
purity phases and the actual metal-atom composition
found by neutron powder diffraction, the corrected oxy-
gen composition of the YBa;Cu, 16C00.3407+, phase is
y=0.31(4).

Crystal structure

The structure refinement was carried out with a local
version of the Rietveld-Hewat program.'>!* The peaks,
assumed to be Gaussian, with a small Lorentzian com-
ponent to the peak profile, were described in the pseudo-
Voigtian approximation and the background was refined
together with the structure. The diffraction data were in-
dexed on a tetragonal cell with no systematic absences
(space group P4/mmm, a=3.8879 A, c¢=11.636 A),
similar to that of YBa;Cu3QOs. A few weak reflections, all
smaller than 3% of the most intense reflection, could not
be indexed with this cell and were excluded from the
refinement. One of them was found to be a magnetic su-
perlattice peak (see below), the others were presumed to
be due to impurity phases. Two of the peaks were at posi-
tions corresponding to the (100) and (002) reflections of
hexagonal Co. The YBa;Cu3Og structure was used as a
starting model, with Co on the Cu(1) site at (0,0,0) and
an additional O(3) site at (+,0,0). The occupancies of
Co and Cu were allowed to vary independently on both
the (0,0,0) and (0,0,z) sites. The total number of peaks
in the refinement was 40. In the first refinements isotropic
temperature factors were used and the occupancies of all
oxygen sites were allowed to vary. At this stage the tem-
perature factor for Co refined to a small negative value
and the B’s of the transition metals were therefore re-
stricted to be equal to reduce correlations between tem-
perature factors and occupancies. Significant improve-
ment was obtained with the introduction of an anisotropic
temperature factor on the O(3) site or, alternatively, by
using a statistical distribution of O(3) in a less symmetric
site (3, ¥,0). The latter description was used in the final
refinement. At the same time the occupancies of the two
other oxygen sites, which had refined to 1.03(3) for O(1)
and 0.97(2) for O(2), were set to one. The fit obtained
with this model, using 27 parameters (scale factor, 14
atomic, 2 cell, 5 profile and 5 background parameters), is
shown in Fig. 1 and the resulting structure model is given
in Table I. The nearest-neighbor metal-oxygen distances
calculated from this model are given in Table II. The co-
balt content x =0.84(4), determined from neutron dif-
fraction, is somewhat smaller than the nominal composi-
tion x =1. We note, however, that the amount of the ob-
served impurity phases may account for this discrepancy.

Magnetic structure

Diffraction peaks of magnetic origin were sought at 9 K
by counting for much longer times at diffraction angles
corresponding to superlattice indices of (1/21/2n/2),
for n=0,1,...,7 and for (3  +). Peaks at the expected
positions were found at the latter position and at
(1/21/2n/2) with n=1,3,5. Scans of these peaks are
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FIG. 1. Neutron-powder-diffraction data for YBa,Cu,O7; showing observed (dots), calculated (solid line), and difference plot
(bottom). Short vertical markers represent allowed nuclear reflections.

shown in Fig. 2. The strongest one, (+ + 3 ), was in fact
already observed in the 295-K data set used for the
refinement of the nuclear structure. No evidence for
peaks with n even was found. The upper intensity limit
for peaks with n =0, 2, and 6 was 6% of the (+ + %) in-
tensity. The existence of a small superlattice peak for
n =4 could not be ruled out due to an impurity peak close
to this reflection.

Figure 3 illustrates the temperature dependence of the
peak intensity measured for the (+ + +) and (§ § 2
reflections up to a few degrees above the Néel tempera-
ture which was found to be at 405(3) K. The behavior

was found to be reversible on cooling. Additional peaks

were measured at 147, 295, and 367 K, as listed in Table
III. Integrated intensities were determined by fitting
Gaussian-shaped profiles to the observed peaks. They are
listed in Table III together with calculated values (see
below) and the intensities of three nuclear peaks which
were used for scaling.

All observed superlattice peaks could be indexed on a
body-centered tetragonal magnetic unit cell with ama,
-'ax/f, Cmag =2c¢. This magnetic unit cell has four times
the volume of the chemical one and consists of four CuO,
layers (4,4',C,C’') and two Co-O layers (Ref. 20) (B,B')
as can be seen in Fig. 4. For the following analysis we as-
sume a collinear spin structure and that the magnetic mo-

TABLE I. Crystal structure of YBa;Cuj.14C00.8407.32 at 295 K determined by Rietveld refinement.
The numbers in parentheses are e.s.d.’s referred to the least significant digit. Scattering amplitudes for
Ba, Y, Cu, Co, and O taken as 0.525, 0.775, 0.7717, 0.253, and 0.5805x 10 ~'2 cm, respectively (Ref.

15). Space group: P4/mmm. Atomic parameters.

x y z B (A% N®
Y in 1d T ¥ + 0.4(2) 1.0
Ba in 2h i F 0.1870(4) 0.0(2) 2.0
Cu(1) in la 0 0 0 0.8(2)® 0.20(2)°
Co(1) in la 0 0 0 0.8(2)® 0.80(2)°
Cu(2) in 2g 0 0 0.3595(3)"® 0.8(2)° 1.96(4)°
Co(2) in 2g 0 0 0.3595(3)°® 0.8(2)" 0.04(4)®
o(1) in 2g 0 0 0.1568(5) 1.4(2) 2.0
0(2) in 4i 0 i 0.3772(3) 0.1(2) 4.0
0(3) in 4n 0.081(4) i 0 0.2(2) 1.32(4)

Unit cell® (A): a=3.8879(8), c=11.636(3)

Agreement factors®: R;=0.055, R.,=0.078, S72=2.3, Sf/=3.8

*Number of atoms per formula unit.

®Constraint parameters: Bcu(1) =Bco) =Bcu@ =Bco@, Ncu)+Nco)=1.0, Ncu@ +Nco) =2.0,

ZCu(2) ™ZCo(2)-

‘e.s.d.’s include uncertainties on neutron wavelength [A =2.3730(5) Al.

dFor definitions see Ref. 16.
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TABLE II. Oxygen-metal bond distances.
YBa>Cu2.16C008407.32 (this work) YBa;Cu3;O; (Ref. 17)

Distance (A) n® Distance (A) n®

Co(1)-0(1)® 1.824(5) 2 Cu(1)-0(1)® 1.853(3) 2

Co(1)-0(3) 1.969(3) 2.64 Cu(1)-0(4) 1.941 2

Cu(2)-0(1) 2.359(6) 1 Cu(2)-0(1) 2.285(4) 1

Cu(2)-0(2) 1.928(1) 2

Cu(2)-0(2) 1.955(1) 4 { o o) 2

Ba-O(1) 2.772(1) 4 Ba-O(1) 2.738(1) 4

Ba-0(2) 2.986(4) 2

Ba-0(2) 2.94603) 4 { Ba-O(3) 2.962(4) 2
Ba-0(3) 2.718(9) 1.32

Ba-0(3) 3.136(9) 1.32 } Ba-0(4) 28710) 2

Y-0(2) 2.406(2) 4

Y-00Q) 24130) 8 { Y-0(3) 2.382(2) 4

n is the average number of equivalent bonds.

"The numbering of the oxygen atoms is different in the two structures due to different structural symmetries. Corresponding bond

lengths are listed on the same line.

ments are localized at the Cu and Co sites. The fact that
h, k, and / are odd has two implications: first, nearest-
neighbor Cu (or Co) atoms within a layer have antiparal-
lel magnetic moments, just as observed in YBa,Cu3O7-,
(Ref. 5) and La,CuO4-, (Ref. 4), and second, two atoms
separated by c, i.e., belonging to either 4 and A’', B and
B', or C and C', respectively, have antiparallel spins as
well. The remaining problem is then to determine the
stacking phase of the magnetic moments in the three lay-
ers A, B, and C along the ¢ axis.

The magnetic structure factor for collinear spin struc-
ture, normalized to the chemical unit cell, is

FM; =isin(xh)sin(zk)sin(zl) (p 4¢' 2™ + pg + pce ~2) |

where p4, pa, pc are the amplitude factors for the A, B,
and C antiferromagnetic layers and z is the fraction of a

unit-cell length ¢ by which the 4 and C layers are dis-
placed from B. Each amplitude factor p; is given by

pi= = yoM;f(Q)sinn,

where yo=1(0.269% 10 ~'2 cm)/ug, M; is the average or-
dered magnetic moment (in Bohr magnetons ug) in the
ith layer, f(Q) is the magnetic form factor for the Cu or
Co atoms, and 7 is the angle between the scattering vector
Q and the direction of the magnetic moment.

Let us first assume, by analogy to YBa;Cu3O¢+,, that
only the layers A and C have a magnetic moment. From
the symmetry of the lattice, we assume that M4 =M,
and thus we are left with the two choices (a) p4=pc or
(b) p4=—pc. A further unknown is the spin direction.
As the symmetry of the lattice is tetragonal, the most that
can be determined from powder-diffraction measurements
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FIG. 2. Neutron diffraction scans of several magnetic peaks for YBa;Cu;07.3 measured at 9 K. The lines are least-squares fits as-

suming Gaussian peak profiles.
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FIG. 3. Difference between peak and background intensities
for the (+ + 5 ) (open circles) and (¥ ¥ 3) (filled circles) mag-
netic reflections in YBa;Cu2Co00Q73 as a function of temperature.
The intensities have been normalized at 295 K to allow for the
different experimental conditions under which the data were col-
lected above and below room temperature. Solid and dashed

lines are drawn as a guide to the eye.
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is the angle between the magnetic moment and the ¢ axis.
It is most likely that the spins either lie in the plane or are
perpendicular to it, and hence we limited our analysis to
these two choices. Intensities were calculated and fitted to
the observed intensities for the two spin directions and the
two models (a) and (b), refining M, as a parameter.
No agreement could be obtained for case (a) for either
spin direction. Good agreement was obtained for case (b)
at 295 and 367 K, with M,4=[0.65(5)lup and M,
=[0.54(5)]up, respectively, and spins along the ¢ axis.
However, at 9 K, the agreement was much less satisfacto-
ry. This is most clearly seen from the ratio of
I(3 5 £):(5 + 3) which is calculated to be 0.42
whereas the observed value is much greater, namely,
0.78(5). A similar, but less pronounced trend is seen at
147 K where the ratio is 0.57(4). To attempt to account
for these discrepancies, we allow a small magnetic mo-
ment up in the Co layer either parallel or antiparallel to
the two Cu atoms above and below them and refined now
the two parameters M4 and M. The obtained fit for the
9 and 147 K was satisfactory for all spins along the ¢ axis
and yielded the following average magnetic moments:
M4=[0.87(7)1ug, Mz=[0.16(2)lup at 9 K, and

TABLE III. Comparison of integrated intensities of magnetic reflections observed (scaled intensities;
e.s.d.’s are given in parentheses and refer to the least significant digit) (Zo»s) and calculated [Freeman-
Watson form factors in the spherical approximation for Cu?* (Ref. 18) and Co>* (Ref. 19) were used
for moments on Cu and Co, respectively] (Zcaic) for YBa,Cuz14C00.3407.32 for model shown in Fig. 4.

(hkl) QA N 9 K 147 K 295 K 367 K
(+573) 1.174 Tobs 118(4) 85(5) 43(3) 29(6)
Tcate 112 79 39 29
CEXD) 1.401 Tovs 152(9) 149(5) 105(3) 70(6)
Teate 147 147 104 69
CERR) 1.769 Tobs 40(4) 32(4) 16(3) 16(5)
Icalc 51 42 23 17
G 2.209 Tobs 3(4) 1209) 3(4)
Icalc 0 0 0
(33 71) 2.569 Iobs 26(6) 8(3)
Icalc 30 11
(31 3) 2.890 Tobs 18(9)
Icalc 22
(33 73) 3.439 Tobs -1(4)
Icalc 2
Ordered magnetic moments (in ug)
On Cu 0.87(7) 0.82(6) 0.65(5) 0.54(5)
On Co 0.16(2) 0.06(2) 0.02(2) 0.00(4)
Nuclear peaks used as reference
(001) 0.540 Tobs 4550(90) 4810(90) 5140(95)
Icalc 4835°
(100)/(003) ~1.618 Tobs 1465(40) 1445(50) 1335(30)
Icalc 1425b
(004) 2.160 j 1305(70) 1425(60) 1405(30)
I eate 1400°

2Q is the absolute value of the wave vector, given for the 295-K data.

bCalculated intensities from Rietveld structure refinement.
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FIG. 4. Proposed low-temperature magnetic structure for
YBa;Cu;Co073. The circles represent the Cu and Co atoms
and the arrows their respective moments at 9 K. The arrows
point in the direction of the average order moments. Solid lines
connect pairs of transition-metal sites bridged by oxygen atoms,
dashed lines indicate possible bridges via partially occupied oxy-
gen sites. Two full chemical units cells are shown stacked verti-
cally; the magnetic unit cell has the height of two chemical cells
and double the area in the basal plane.

M, =10.82(6)1ug, M5=1[0.06(2)]up at 147 K. A com-
parison of calculated and observed integrated intensities is
given in Table III, and the resulting magnetic structure is
shown in Fig. 4. It should be mentioned that a model us-
ing small in-plane moments in the B layer and moments
parallel to c in layers 4 and C can explain the data almost
as well, but this seems unlikely, because the fourfold sym-
metry of the magnetic structure is lost and the moments in
the B layer would be decoupled from those in layers 4 and
C.

DISCUSSION

The perovskite-type structure of YBa,Cu3O; has two
distinct copper sites, one with a square-planar oxygen

configuration [Cu(1)] forming O-Cu-O chains and the
other with square-pyramidal configuration [Cu(2)], form-
ing sheets of CuO,. 8 It was shown® ™ !! that, upon substi-
tution, Co preferentially replaces Cu in the Cu(1) sites.
The structure refinement of the present sample showed no
significant amounts of Co in the Cu(2) site, in contrast
to a previous neutron-powder-diffraction study'® on a
YBa;Cu3-,CoxO7+, sample (x = 0.8) for which 12% of
the Co was found on the Cu(2) site. The total oxygen
content of 7.32 derived from the neutron-powder-
diffraction data agrees well with the chemical oxygen
analysis and with those found in other oxygen-annealed
samples.®!® The unit cell of the present sample (a =3.888
A, ¢=11.363 A) is comparable with those reported®'°
for YBa;Cu3—;Co,O7+, samples with x =0.8-1.0 but
significantly different from values reported for samples
with x <0.5.'%!" Whereas the length of the a axis de-
pends mainly on the amount of substituted cobalt, the
length of the ¢ axis is also dependent on the oxygen con-
tent. The general trend of an increasing ¢ axis with de-
creased oxygen content found for the unsubstituted
YBa;Cu307—, series seems to apply also for the cobalt-
substituted samples. Thus the relatively short axis of the
present sample together with its rather high oxygen con-
tent is in good agreement with this trend. The refined
atomic positional parameters (see Table I) are in good
agreement with those obtained in a single-crystal x-ray
diffraction study9 on a YBa;Cu;Co07 .25 sample.

Let us now compare the structure of the cobalt-
substituted compound with that of the YBa;Cu3;O7-,
series. For the latter series the most evident changes in
the local structure of the CuQO, layer upon removal of oxy-
gen are the shifts of O(1) away from Cu(2) and of Ba to-
wards the CuO; layer. The Cu(2)-O(1) distance (2.36
A) as well as the displacement of Ba from the plane con-
taining O(2) (2.21 A) found in the cobalt-substituted
sample corresponds to those in YBa;Cu307 -, with an in-
termediate oxygen content (x==0.5).2' Therefore we
may assume that the electron distribution in the CuO,
layer is basically the same as in YBa;Cu3Og s, for which
the average copper valence is +2. Considering the oxygen
content of the YBa;Cu; 14Co¢ 340732 sample we may con-
clude that the oxidation state of the substituting Co
exceeds that of Cu(1) by 1, which is consistent with the
assumption of the trivalent cobalt.

The main changes of the local structure are expected in
the layer where the substitution takes place. Due to its
higher oxidation state, cobalt tends to have a higher coor-
dination number. Chemical analysis of the oxygen con-
tent and the structure refinement of the neutron-diffrac-
tion data have confirmed this point. We might expect the
cobalt atom to be five coordinated, probably in square-
pyramidal coordination, which is not unusual for trivalent
cobalt, e.g., in Sr,C0,0s.22 This nonplanar coordination
breaks up the long-range oxygen order induced by the
O—Cu—0 chains present in orthorhombic YBa;Cu;-
O;-,, thus favoring tetragonal symmetry for the Co-
substituted samples. The displacement of the O(3) from
the site (0, 3,0) and the apparent increased temperature
factor of O(1) found in our structure refinement as well as
in the single-crystal x-ray diffraction study,’ may be a
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consequence of local displacements due to the formation
of square CoOs pyramids whose basal O—Co—O angles
for adjacent oxygens are likely to be smaller than 180°.

In YBa;Cu;14Co00840732 the Cu moments have the
same local antiferromagnetic ordering within the CuO,
layer as in La;CuO,4 (Ref. 4) and YBa;Cu3Og+,.> Su-
perexchange interactions via the oxygen bridges are re-
sponsible for this in-plane ordering. Another structural
feature shared with the latter compound is the antiparallel
arrangement of two adjacent Cu moments in neighboring
A and C layers. Since these copper atoms are not bridged
by oxygen, the magnetic interaction should be mostly di-
polar. The magnetic structure of the cobalt-substituted
sample differs, however, from that reported for YBa,;Cuj-
Og+x in the following respects. Not only is the direction
of the moments found to be parallel to ¢, but the long-
range order has double the periodicity along the ¢ axis.
However, in a recent study of YBa;Cu3Og¢+ single crys-
tal with x = 0.35 and T =405 K, Kadowaki et al. 2* have
observed (1/21/2n/2) peaks below 40 K, indicating
long-range magnetic order with a double ¢ axis. This ex-
periment also demonstrated that the B layers can contrib-
ute to the magnetic ordering. The same type of magnetic
ordering was found recently in NdBa,Cu;0¢,.2* As for
the cobalt-substituted sample, the small ordered moments
in the B layer are parallel to the adjacent moments in the
neighboring CuO; layers.

The ordered moment of 0.87up observed at 9 K on
Cu(2) is considerably higher than the moments of 0.68up
found in CuO (Ref. 25) and the maximum values ob-
tained in La;CuO4—, (Ref. 4) and YBa;Cu3O¢+x.> As-
suming a g factor of ~2.2, typical for Cu?* ions, and a
classical spin of 1, a maximum moment of 1.1up might
be expected. The observed value may be lower due to
quantum fluctuation and/or covalency effects. Consider-
ing quantum fluctuations in a completely isotropic 2D
Heisenberg system, the moment would be reduced to
0.67up. The observed value is greater than this which is
an indication that the interlayer coupling induced by the
magnetic moments in the Co layers is not negligible.

The Néel temperature of 405 K found in our sample is
comparable to those found for YBa;Cu3Og+y, with
x <0.3. In layered systems the Néel temperature is gen-
erally assumed to be proportional to an effective interpla-
nar coupling J ST and the square of a magnetic correlation
length &;p within a layer. Therefore stronger interplanar
coupling should raise the Néel temperature. On the other
hand, &p may well be shorter in the cobalt-substituted
sample. As pointed out earlier, the electronic structure of
its CuQ; layers is comparable to that of YBa;Cu3Og¢s. At
this oxygen composition the proposed formation of elec-
tron holes, localized on the O atoms,?® may play a role.
These holes tend to frustrate the Cu-Cu superexchange in-

teractions>?’ thus shortening the magnetic correlation
length.

We may assume that the interaction between adjacent
Cu moments in next-nearest 4 and C layers is induced
mainly by the Co moments between them. Then, symme-
try arguments require that the two Cu atoms have parallel
moments, independent of the nature of the Cu-Co interac-
tion. This explains the long-range order in the ¢ direction
with a period of 2¢. Interestingly, this long-range order is
maintained up to the Néel temperature of 405 K, even
though the ordered magnetic moment on the Co layer
vanishes well below this temperature. The question arises
as to the nature of the magnetic moments in the Co layer.
The small but significant ordered magnetic moment per
metal atom at 9 K (0.16u5) could conceivably be ex-
plained if there were about 0.8up on the remaining one-
fifth of Cu atoms and the (0,0,0) sites, assuming no or-
dered moment on Co. This seems rather unlikely consid-
ering the magnetic structure of unsubstituted samples.
The assumption of a small but finite ordered moment on
the Co atoms has implications concerning its possible spin
state. For low-spin Co(III) no magnetic moment would
be expected. On the other hand, much higher moments
are typically found for high spin Co?*. So we may con-
sider an intermediate spin state, close to Co(III). Inter-
mediate spin states of trivalent cobalt have also been
found in other oxides?*?® and have been considered!® in
order to explain magnetic susceptibility measurements on
other samples of the YBa;Cu;—,Co,O7+, series. Howev-
er, the magnetic moments attributed to the cobalt atom
[(3-4)up] to explain the latter data are much higher than
our data would suggest. To be consistent, we would have
to assume that the direction of the Co moments are highly
disordered, leaving only a small average moment parallel
to the adjacent Cu atoms above and below them, which
upon heating disappears before the Néel temperature is
reached. This kind of disorder might be induced by com-
peting ferromagnetic and antiferromagnetic interactions
within the Co layers.
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