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The copper and cobalt valence states in the 112-phase YBa
(Co,_,Cu,)O, have been determined from a XANES analysis: cop-
per is mainly in the Cu(ll) state whereas cobalt appears in a
mixed valent state Co(11)/Co(lII) in agreement with the oxygen
stoichiometry. The magnetic behavior of cobalt and copper in the
structure of these compounds has been determined by magnetic
susceptibility measurements and by powder neutron diffraction.
The evolution of inverse molar susceptibility versus temperature
shows that these phases are antiferromagnetic with Ty ranging
from 395 to 515 K. At low temperature (T < Ty), one observes a
second magnetic transition for 0.75 < x < 1.0 compositions. The
temperature T2 corresponding to this transition increases when x
decreases. The nuclear and magnetic structures of three composi-
tions, x = 0.4, 0.8, and 0.9, have been investigated by neutron
diffraction at 1.4 K. At this temperature, the nuclear structure of
these phases has the space group P4/mmm and lattice parameters
ay = a, and ¢, = 2a,. The magnetic cell is related to the nuclear
cell\l/:_y the relationships: a = ay, V2, c = ¢ forx = 0.4 and a =
a, V2, ¢ = 2c;, for x = 0.8 and 0.9. For the x = 0.4 compound,
the magnetic moments lie in the ab plane; on the other hand, the
spins exhibit another component along ¢ for x = 0.8 and 0.9
phases. The study of the magnetic structure of the x = 0.8 oxide
versus temperature shows that their spins switch along the ¢ axis
as the temperature approaches T2. The values of the magnetic
moment determined in this study for these phases agree with the
t},e; configuration of the Co(III) ion. © 1994 Academic Press, Inc.

INTRODUCTION

The relationship betwecn superconductivity and mag-
netism in high T, cuprates is not yet completely under-
stood. For this reason, a tremendous number of magnetic
studies have been performed on layered cuprates, and
especially on the **123"'-phase Y Ba,Cu,0;_; in which cop-
per is partly replaced by a magnetic ion, namely iron and
cobalt. The study of the latter phase is complicated by
the possible variation of the oxygen stoichiometry with
the substitution rate. In this respect the layered 112-cu-
prate YBaFeCuQ; (1} is an interesting material, due to
the simplicity of its oxygen-deficient perovskite structure
which is only built up of corner-sharing CuQ; and FeOj
pyramids; moreover the oxygen stoichiometry of this
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phase is much less sensitive to the oxygen pressure and
tends to keep the Q" composition for the samples
quenched in air.

The magnetic study of cobalt is also interesting, com-
pared o iron, owing to its great ability to take intermediy-
ate-spin configuration. In most of the Fe(lll) oxides,
Fe(IlI) indeed exhibits an in-plane high-spin configura-
tion. This is not the case for Co(1Il), whose field energy
close to the exchange energy allows transitions (2, 3) by
varying the temperature between the high-spin state
ti.el (§ = 2), the low-spin state (3, (§ = 0), and the
intermediate-spin state 3¢} (S = I). Several examples
of low-spin to high-spin transition have been evidenced
in cobalt oxides with the K,NiF, structure such as
AO.SLaLsMgO.SCOO‘jO.‘ (A = Ba, Sr, Ca) (3) and L34 LiCOOg
(4) and with the perovskite structure such as LnCo0O, (5,
6). In the same way, an intermediate-spin state configura-
tion in the K, NiF,-type oxide La, Li; sCug ,Coy Oy (7) and
a low- to intermediate-spin transition for Sr,(Ta, Nb)CoOy
(4) were evidenced. Nevertheless in ail these oxides,
cobalt is characterized by a squeezed or elongated octahe-
dral coordination, so that its behavior cannot be directly
transposed to the pyramidal coordination observed for
many cuprates. Only one 2H-related hexagonal perov-
skite, Sr,Co,0; (8), with a pyramidal coordination of ¢co-
balt has been studied up to now. For the latter, the authors
thought that cobalt with intermediate spin should be lo-
cated on two sites of lower coordination: pyramidal site
and square planar site.

In order to understand the complex magnetic behavior
of cobalt in such structures, the 112-phase YBa(Co,_,
Cu, )05 was recently synthesized (9) with a homogeneity
range significantly larger than that obtained by Lin er al.
(10). The present paper deals with the study of the mag-
netic structure and properties of these oxides; it estab-
lishes relationships between the spin orientations of
Co(I11) and the distortion of the Co(Cu)O; pyramid.

EXPERIMENTAL

Polycrystalline samples of the pure phase YBa(Co,_,
Cu,)Os.; were prepared by solid-state reaction of Y,0,,
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BaCQO,, and Co,0, in molar ratios according to the nomi-
nal composition. The mixtures were calcined in air at
900°C to ensure decarbonation and then heated at 1000°C
for 24 hr. They were quenched to room temperature in
air. X-ray powder diffractograms were recorded from a
Philips goniometer working with CuKa radiation. The
deviation from oxygen stoichiometry & was chemically
checked by iodometric titration and by thermogravimetric
analysis by heating the powder from 298 to 1240 K in a
mixed atmosphere of 10% H, in Ar. The neutron diffrac-
tion patterns were registered at different temperatures
using the multicounter diffractometers G41 and 312 in-
stalled at Saclay. A neutron wavelength of 2.426 and
1.2268 A was used to coliect data by step scanning over
an angular range of 10° = 20 = 90° and of 5§ = 28 =
120° for G41 and 3T2 diffractometers, respectively. The
refinement of the crystal structure was performed with the
profile refinement computer program FULLPROF (11).
Magnetic susceptibility measurements were carried out
from 77 to 850 K using the Faraday method.

The XAS spectra at the Co K-edge were recorded at
room temperature on powder samples in transmission
mode. The experiments were performed at LURE
(ORSAY) using the synchrotron radiation from the DCI
storage ring operated at 1.85 GeV with a nominal current
of 250 mA. X-rays were monochromatized by a Si (331)
channel cut and the incident and transmitted intensities
were measured using two ionjzation chambers. The en-
ergy resolution was estimated to be better than 0.8 eV at
the Co K-edge, whereas the reproductibility of the energy
position of the spectral features is close to 0.3 eV.

The normalization procedure used throughout this work
was a standard one: after substraction of the same back-
ground out of the XANES and EXAFS spectra, recorded
under the same experimental conditions, a point located
at an energy of 800 eV from the edge, where no more
EXAFS oscillations were still observable, was set to
unity.

XAS spectra at the L,-edge of copper were recorded
at room temperature on powder samples by a fluorescence
vield method. The experiments were performed at LURE
(Orsay) using the synchrotron radiation from the super-
ACO ring operated at 800 MeV with a typical current of
250 mA. Samples were ground and sieved homogeneously
on a sticky band supported by an aluminum sample
holder. Electrical contacts were realized by silver paste
dots. The X rays were monochromatized by two beryl
crystals (1010) and focused by a TiN-coated parabolic
mirror to give into a 0.5-mm-diameter spot. The fluores-
cence vield was detected by a seven-Ge diode detector
with an axis at 45° from the beam line. The energy scale
was then positioned with respect to the |3d%) peak of
CuOat 931.2 ¢V. The experimental energy resolution was
estimated to be better than 0.3 eV, whereas the reproduc-
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ibility of the energy position of the spectral features is
close to 0.05 ¢V. The width of the core hole has been
measured to be 0.3 eV at the Ly-edge. The usual thickness
of the probed upper layer of the samples is about 2000 A
in the fluorescence yield method. The top of the |34%
transitions for all the compounds has been set to a com-
mon value chosen arbitrarily.

RESULTS AND DISCUSSION

For different air-quenched samples of pure-phase YBa
(Co,,Cu, )05 with 0.3 = x = 1, the chemical analysis
combined with microthermogravimetric analysis allowed
the oxygen content very ciose to ““O;” to be established
for whatever x. As will be shown below, this oxygen
stoichiometry was confirmed by the neutron diffraction
study of several of these oxides.

XANES

XANES spectroscopy has been proven to be a valuable
tool for the determination of the electronic structure
above the Fermi level (first empty levels) and of the va-
lence state of the elements in solids (12-19). In order to
establish the various oxidation states of copper and cobalt
in the materials studied, a XANES investigation has been
performed for several samples, x = 0.4, 0.8, and 0.9.

Copper Valence

In oxides, like HTC superconductors, copper can pre-
sent simultaneously the three known valence states Cu(l),
Cu(II}), and Cu(Ill). To demonstrate this point in the YBa
(Co,_,Cu,)O; solid solution, we have recorded the Cu K-
and L,-edges of some reference copper oxides, Cu,Q for
Cu(I) and La,Cu0O, and Nd,Cu0Q, for Cu(ll). Both the
latter compounds exhibit somewhat different copper coor-
dination with an elongated oxygen octahedron for La,
CuQ, and a square plane for Nd,CuQ,, leading for the
latter to a more pronounced z-polarized contribution in
the copper K-cdge spectrum. But, in both cases, the
Culd,2_,2 orbital is the only one which contains the cova-
lent holes. A detailed analysis of copper electronic con-
figurations in various valence states has been published
in many papers (20-27) and can be summarized in the
following way: Cu(I) in the 34", Cu(Il) in the a|34° >
+B|34"L > with 8 > a, and Cu(III) in the |34°L) configu-
rations, respectively. Both the latter configurations are
due to a charge transfer mechanism predominant in cop-
per oxides.

The Cu(l) valence. At the Cu K-edge, the Cu,O spec-
trum shows a peak at 1.3 eV (Fig. 1a) due to the 15 —
4p transition in the 34" configuration and characteristic
of Cu(l). Such a peak is totally absent from the La,Cu0Q,
spectrum and from the spectra of YBa(Co, ;Cu, )0, and
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(a) The copper K-edges of some reference oxides (Cu,0 for Cu(l}, La,CuQ, for Cu(ll) and of two compositions in the YBa(Co,_,Cu, )0,

solid solution. (b) The copper L;-edges of a reference oxide (Nd,CuQ, for Cu(Il) and two compositions in the YBa(Co,__Cu,}Os solid solution.

YBaiCo, (Cu, 4)Os. Thus one can conclude to the absence
of Cu(I} in the YBa(Co,_,Cu )O;s solid solution with a
precision better than 5%.

The Cu(lIl) valence. At the Cu Ly-edge, the reference
compound for Cu(II}, Nd,CuQ,, shows only one symmet-
ric peak (Fig. 1b) due to the [2p%3d® > — |c2p°3d™) transi-
tion. The Cu L-edge spectrum of the compound La,CuQ,
locks identical to that of Nd,CuQ,. As it has been shown
by previous works (12, 15-18), the ““Cu(Ill)”’ valence
appears as a shoulder on the high-energy side of the main
peak (=933 eV) due to the 12p83d°L > — |c2p°3d"°L)
transition. The Cu L;-edge of the Cu(Ill}) compound,
La,Li, ;Cu, 5O,, has been published previously (27) and
has been shown to exhibit only the |3d°L) peak at 933.2
eV. Such a shoulder appears only as a small dissymmetry
on the high-energy side of the main peak for the highest
copper concentration (x = 0.8 and 0.9) of the YBa(Co,_,
Cu,)O; solid solution: a simulation with two Lorentzians
gives 7% Cu(II1) out of total copper. In the case of low
copper concentration (x = 0.4), no Cu({Il} was detected
at least within the precision of the determination (5%).

It is concluded that copper exhibits mainly the Cu(Il)
valence state in the whole homogeneity domain of the
YBa(Co,..,Cu,)O; solid solution.

Cobalt Valence

In oxides, cobalt ¢an be found mainly in the Co(II) and
Co(I1I) valence states. Co(Il) appears most of the time as
a high-spin 3d” cation. As with copper, the real electronic
configuration of Co(II) can be written a|3d” > +8134%L),
taking into account the Co-0O covalence through the
charge transfer model but here 8 < « (28). Cofll) has
been observed in octahedral, tetrahedral, and square
plane environments whereas Co(III) has been mainly ob-

served in octahedral and tetrahedral environments. We
have chosen cobalt carbonate CoCQO,, isotype of calcite,
as a reference for Co(II} in a slightly distorted octahedron
(degg =~ 2.02 A), the spinel CoAl,Q, as a reference for
Co(I]) in tetrahedra (de,_q = 1.95 A) (29}, and LaCoO,
for Co(I1I) in octahedra (de,_ = 1.92 A) (30).

Reference compounds. Al the cobalt K-edge, CoCO,
exhibits a very simple spectrum (Fig. 2a) with a main
white line at 15.5 eV corresponding to the |15s23d74p% >
— |15'3d74p?) electronic transition. A very weak prepeak
can be observed around 0 ¢V, likely due to some quadru-
polar effect since the 1s — 3d transition is dipole for-
bidden.

Conversely the CoAlLO, edge is much more complex
and exhibits at least five contributions noted A, B, C, D
and E in Fig. 2a. Prepeak A is rather intense, in agreement
with the hybridization of Co 3d and 4s atomic orbitals via
the O 2p orbitals which is possible in the noncentrosym-
metric crystal field of the tetrahedra. For the structure of
the main edge (peaks B, C, D, and E), one must take into
account the distortion of the tetrahedra which splits the
4p orbitals in a low-energy 4p, nonbonding and high-
energy 4p, , antibonding molecular orbitals. By analogy
with the copper case and using the electronic configura-
tion of Co(Il) expressed above, peaks B and C could be
understood to be due to the 1s — 4p, transition in the
3d%L > and [3d") configurations, respectively, the former
being stabilized and reinforced by a smaller interaction
with the core hole than the latter. The same situation
occurs for the 1s — 4p, , transition {(peaks D and E) with
a weak |3d") configuration probably partially masked by
the intensity of peak D. XANES simulations should be
performed to test this hypothesis.

Compound LaCoO, has been synthesized in a normal
pressure oxygen flux at 900°C. By thermogravimetric
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Equivalent Edge Energies (Eq) and Calculated Mean Cobalt
Formal Charges (gc,) Compared to Those Deduced from the
the YBa{Co,_,Cu,)O;

Normal
Solid Solution

Oxygen Stoichiometry for

qc, for a
normal oxygen

Compounds Eq (eV) dco stoichiometry

CoCOy 6.8 2.0 2.0
CoAl Oy 7.4 2.0 2.0

Co,0, 95 2.7 2.66
LaCo0O, 10.5 30 3.0

YBa(Co, ¢Cug )05 8.7 2.5 2.62
YBa(COIJCUQ‘g)Os 9.2 2.65 2.8
YBa(Coy ;Cuy)O; 9.6 2.7% 29

analysis, the oxygen stoichiometry has been shown to be
LaC00,.: and the cobalt valence is thus close to III.
The LaCoQ, spectrum (Fig. 2a} exhibits only a white line
at 18 eV corresponding to the | 1523d74p" > — |15'3d74p")
electronic transition. Prepeak A is more intense than that
in CoCO,, which suggests that a slight distortion of the
Co0, octahedra occurs: it exhibits a two peak structure
which can be correlated to the Co 3d(t,,) and 3d(e,) orbit-
als and shows that Co(III) cannot be in the low-spin state
in this compound.

A large energy shift can be observed between the
CoCO, and the LaCoO, spectra in agreement with the
respective cobalt valences. A quantitative analysis of the
edge positions can be realized using a method proposed
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first by Alp er al. (13) which replaces the real spectrum
by an equivalent square-shaped edge whose energy posi-
tion can be estimated. Such an analysis has been per-
formed on the three reference edges and the results (Table
1) show that a large energy shift exists between the Co(II)
and the Co(I1I) references (AE = 3.4 V) and that the edge
energies of both references for Co(Il) are close together
around 7 eV.

In order to check the validity of Alp’s method, the edge
of the mixed-valence spinel Co,0, has been recorded (Fig.
2a). In this compound, one-third of the cobalt is Co(ll)
in tetrahedral environment and the last two-thirds are
Co(I11) in octahedral coordination, which leads to a mean
cobalt formal charge of 2.66. Indeed the spectrum of
Co,0, corresponds to a mixture of tetrahedral Co(Il)
(peaks B and C like in CoAl,0,) and octahedral Co(I1I}.
A mean cobalt valence can be deduced assuming a linear
relationship between valence state, from Co(l1l) to Co(III),
and edge position. The equivalent edge position (Table 1)
for Co;0, leads to 2.7 for the mean cobalt formal charge
in good agreement with the expected charge.

The YBa(Co,_,Cu,}Os solid solution. The spectra for
x = 0.4, 0.8, and 0.9 are shown on Fig. 2b with the refer-
ence compounds. For the three compositions, the large
intensity of the prepeaks corresponds to a strong non-
centrosymmetry of the local polyhedra around cobalit, in
agreement with previous observations and the presence
of the metallic cation (Co, Cu) in a distorted pyramid.
The shift of prepeak A toward high energy with respect
to the CoAl, O, prepeak can be correlated to an increase
of the mean cobalt valence.

o
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(a) The cobalt K-edges of the reference cobalt oxides: CoCO; for Co(Il) in octahedron, CoAl,O, for Co(ll) in tetrahedron, LaCoO,

for Co(I1l) in octahedron, and the mixed valent spinel Co;0,. (b} The cobalt K-edges of some reference cobalt oxides (CoAl,O,, LaCo0,) and

of three compositions in the YBa{Co,_,Cu,)O; solid solution.
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The equivalent edge energies calculated following Alp’s
method confirms this point (Table 1). Although systemati-
cally smaller (by 15%) than the mean cobalt charge de-
duced from an exact Qs stoichiometry, the variation of
the cobalt formal charge with x follows the expected
change and confirms the mixed valence Co(II}/Co(III) in
the YBa(Co,_,Cu,)O;s solid solution.

From this first investigation it appears clearly that
copper is close to the divalent state, whereas cobalt has

mixed valence according to the formulation
YBa(Co{, Co™Cuii™0;.

NEUTRON DIFFRACTION AND MAGNETIC STUDY

The susceptibility measurements performed for differ-
ent x values (0.3, 0.4, 0.6, 0.75, 0.8, 0.85, 0.9, and 1) allow
two kinds of magnetic behaviors to be evidenced as shown
in Fig. 3. For a first domain (I) corresponding to 0.3 =<
x = 0.75, the curves x5 = f(T) exhibit a minimum charac-
teristic of a classical antiferromagnetic—paramagnetic
transition (Fig. 3). The Neel temperature, labeled 71,
which corresponds to this minimum, ranges from 395 to
407 K (Table 2). The second domain (11), with 0.75 < x <
1, exhibits two minima, i.e., two transition temperatures
labeled 72 and T3, Note that the T2 temperature decreases
as x increases, whereas 73 that corresponds to the antifer-
romagnetic—paramagnetic transition increases.

In order to understand these different behaviors, a neu-
tron diffraction study was carried out for these com-
pounds. In a first step, the nuclear structure was studied
for two compositions: x = 0.4 (domain I) and x = 0.8
(domain 11) at 300 and 80 K, respectively, with the diffrac-
tion data collected on the 3T2 diffractometer. For the two
samples, a large number of reflections were indexed in
the expected tetragonal cell with gy = @, and ¢, = 2a,.
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FIG. 3. Reciprocal molar magnetic susceptibility vs temperature of
YBa(Co,_,Cu,}O; compounds.

1000

BARBEY ET AL.

TABLE 2
YBa(Co,_,Cu,)Os: Evolution of Transition Temperatures
x Compaosition T1 (=5 K) T2 (£5 K) 73 (x5 K)
0.3 395 — —
0.4 408 — —
0.5 422 — —
0.6 419 — —
0.7 410 — —
0.75 407 407 —
0.8 — 310 450
0.85 — 210 479
0.9 — 180 480
1 — — 515

The preliminary refinements performed in the nuclear cell
with the space group P4/mmm, starting from the powder
X-ray data previously obtained {9), allowed the R, factors
to be lowered to about 0,05, whatever x (Figs. 4a and 4b).
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FIG. 4. Observed, calculated, and difference plots for compound
(a) YBa(Co| ¢Cuy4)Os at 300 K and compound (b) YBa(Co; ;Cug4)0; at
80 K.
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In the second step, a neutron diffraction study was
carried out for three compositions, x = 0.4 (domain I)
and x = 0.8 and 0.9 (domain II) at 1.4 K, i.e., in the
antiferromagnetic state, with the diffraction data recorded
with the G41 diffractometer. Several strong extra reflec-
tions could not be indexed in the tetragonal cell ay, ¢,
the variation of their intensity with temperature suggested
a magnetic ordering on cobalt and copper ions in
agreement with the susceptibility measurements. Thus,
the patterns were finally indexed in a tetragonal cell with
a=a,V2and ¢ = ¢, forx=04and a = g, V2 and
¢ = 2¢, for x = 0.8 and 0.9. The preliminary refinements
performed in the nuclear cell g4, ¢, with the space group
P4/mmm allowed the R, factors to be lowered to values
ranging from 0.037 and 0.058 (Table 3). The refinements
were then performed in the magnetic cell using the same
centrosymmetric space group. Several models of the anti-
ferromagnetic interactions between different Co and Cu
sites were considered, taking into account the doubling
of the ¢ parameter in the x = 0.8 and 0.9 compounds.

The Ry factors were finally lowered to Ry = 0.079 for
x = 0.4 and Ry = 0.139 for x = (.8 and 0.9 (Table 3), for
the atomic parameters listed in Table 3. The calculated
and observed patterns of two of these samples, for x =
0.4 (Fig. 5a) and x = 0.9 (Fig. 5b), show the validity of
our refinements.

Consideration of the nuclear structure of these oxides
confirms that the oxygen content is fixed at *‘O5"" (Table
4). One observes that the equatorial Co(Cu)-0, distances
of the (Co, Cu)O; pyramids do not vary significantly what-
ever x and remain fixed at about 1.96 A. On the contrary,
the apical Co(Cu)-0, distance of the pyramids increases
as x increases from 0.4 to 1 (Table 5), i.e., as the copper
content increases, in agreement with the Jahn-Teller ef-
fect of Cu(II}. Note that the pyramids of domain Il are
much more elongated than those of domain I. On XANES
spectra (Fig. 2b), one can see that the intensities of peaks
B and C increase when x decreases, in agreement with
the shortening of the apical Cu-0O distances deduced from
neutron diffraction (Table S} which increases the Cu 3d
and O 2p overlap along the ¢ axis. In the same way the
decrease of peaks D and E when x decreases corresponds
to the increase of the Cu-0O distances in the x, y plane.

This study shows also that at low temperature (T =
1.4 K} the magnetic moments of cobalt and copper ions,

TABLE 3
Collection of R Factors and Magnetic Arroments at 1.4 K in
YBa{Co,_,Cu,)0; Compounds (x = 0.4, 0.8, 0.9)

x Composition Ry (%)  Ru (%) g, (up) g () () (pp)
0.9 3.66 13.90  1.55(6)  2.99(4)  3.37(4)
0.8 3.69 1390 2.693) 2.51(3)  3.68(4)
0.4 5.81 7.89  4.59(4) - 4.59(4)
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FIG. 5. Observed, calculated, and difference plets for compound
(a) YBa(Co,; 4Cuy4)0s at 1.4 K and compound {b) YBa(Co; ;Cu; )0 at
1.4 K.

TABLE 4
Refined Structural Parameters of YBa(Co,_,Cu,)O; at 1.4 K
Atom Position x ¥ z Occupancy
Y 1{b) 0 0 0.5 1
Ba 1{a) 0.5 0 0 1
Cu/Co 2(h) 0.5 (A) 0.2678(8)
(B) 0.2720(5)
(C) 0.2734(6)
0, 4(i) 0.5 0 (A) 0,3088(4) 4
(B) 0.3128(3)
(C) 0.3130(4)
0, 1(d) 0.5 0.5 0 1

Note, A, x = 0.4; B, x = 0.8; C, x = 0.9; space group, P4/mmm,
Cell parameters:

a=b(A) c(A)
A 3.8724 7.4953
B 3.8675  7.5238
C 3.8666 7.5266
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TABLE 5
Distances in the (Cu, Co)O; Pyramid at 1.4 K

Composition x (Co, Cu)-0, (A) {Co, Cu)-0, (A)
0.9 1.936(1) 2.058(5)
08 1.958(1) 2.046(4)
0.4 1.961(1) 2.000(5)

corresponding to the domain (0.3 = x = 0.75) lie in the
(001) plane. They are coupled antiferromagnetically
within each [(Cu, Co)O,], layer, as well as along ¢ (Fig.
6a). However, their direction in the (001) plane cannot
be determined in our experiment, due to the tetragonal
symmetry, and has been fixed arbitrarily along a axis.

Contrary to domain I, the Co(Cu) magnetic moments
of domain II (0.75 < x = 1) do not lie in the (001) plane
but exhibit another component along ¢ (Fig. 6b). This
explains the doubling of the ¢ parameter for this second
domain. In both domains I and II, the value of the mag-
netic moment <> increases as x decreases, i.e., as the
cobalt content increases (Table 3).

The study of the magnetic structure of the x = 0.8 oxide
versus temperature, in the range 1.4-380 K, allowed the
Ry factors to be lowered to values ranging from 0.10 to
0.15 for the atomic coordinates listed in Table 6. The
variation of the corresponding magnetic moments versus
temperature {Fig. 7) clearly demonstrates that their spins
switch up along the ¢ axis as temperature approaches T2.
One indeed observes that u, decreases to zero at T2,

Therefore temperature T2 characterizes the change of
the orientation of the spins. In the range 72 < T < T3
the magnetic moments are all parallel to the ¢ axis, as
shown from the fit of the spectrum of the x = 0.8 sample
registered at 380 K (Fig. 8).

FIG. 6. Magnetic structures of YBa{Co,_,Cn,)0s compounds at 1.4
K. (a) Domain () 0.3 = x = 0.75; (b) Domain {II) 0.75 < x < 1.0.
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TABLE 6
Atomic Coordinates of Cu, Co, and O, Sites at Different
Temperatures of the x = 0.8 Composition

T (K}
1.4 97 134 300 380
Z(Cu/Coy 0.2720(5) 0.2722(5) 0.2726(5) 0.2736(5) 0.2735(1D)
g 0.3128(3) 031313 Q31313 0.3136(3)  0.3144(7)

The evolution of the magnetic moments of the x = 0.8
oxide can be correlated to the geometry of the (Cu, Co)O;
pyramids as shown from the interatomic distances (Table
7). One indeed observes that the equatorial Cu(Co)-O
distances do not vary significantly as the temperature
increases, whereas the Cu(Co)-O apical distance in-
creases continuously. Such an evolution may be related
to the alignment of the spins along ¢ as the temperature
increases. Thus it is most probably that a regular configu-
ration of the Cu(Co)Os pyramid favors the inplane spin
configuration, whereas the spin tends to switch along ¢,
when the pyramid is elongated along the latter direction.
This influence of pyramid elongation upon spin orientation
can be produced either by the substitution of copper for
cobalt at a fixed temperature or, for a given composition,
by increasing the temperature. This interpretation is in
agreement with the results obtained by Suard et al. (32)
for the YBa(Cu,_,Co,}O, compounds, in which the spins
are parallel to ¢ for large (Cu, CO)-O apical distances
(2.35-2.42 A). |

Taking into consideration the oxidation state of cobalt
and copper determined by XANES, according to the for-
mula BaY(Co™Col' ,Cu")O., the molar magnetic mo-
ments can be calculated and compared to the experimental
deduced from neutron diffraction. For our calculation,
the following usual magnetic moments of Cu(ll), Co(ll),
and Co(IIT} in high-spin (hs), intermediate-spin (is), and

i)

o 100 " 200 200 400

T(K)

FIG. 7. Evolution of u, and u, vs temperature of YBa
(COI.ZCUu_s)Os oxide.
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. 260"
FIG. 8 Observed and calculated neutron
(Co(2Cuyg) O oxide at at 380 K.

profiles for YBa

low-spin state (Is) were used: pc, = 3 uy, uf) = 1
Bas Boofin = 4 pg, pogth = 2 pg, oo = 0 py. The
experimental values of magnetic moment at 1.4 K ob-
served by neutron diffraction study and the different cal-
culated values are given in Table 8. The good agreement
between the experimental values and the calculated val-
ues corresponding 1o the intermediate spin shows that,
in these phases, Co(Lll) ions have f3,e; configuration.

CONCLUSION

This study demonstrates the mixed valence of cobalt
in the **112"" structure, when copper remains divalent, It
allows the spin configuration of Co(IIl) to be determined
and shows that besides the antiferromagnetic to paramag-
netic transition, a second transition occurs that is due to
a change of the spin orientation of cobalt. Correlations
between the spin orientation and the distortion of the (Cu,
CO)O; pyramids are established for the first time.

A neutron diffraction study of the samples annealed
in oxygen according to the formula YBa(Co, ,Cu,)Os_;
will be performed in order to determine the influence
of the excess oxygen on the magnetic structure of these
phases.

TABLE 7
Interatomic Distances in the (Cu, Co)Q; Pyramid at Different
Temperatures of the x = (.8 Compound

Temperature (K) Cu/Co-90, (&) Cu/Co-0, (A)
1.4 1.958(7) X 4 2.045(38) x 1

97 1.958(7) x 4 2.049(38) x 1

134 1.958(7) x 4 2.053(38) x 1

300 1.960(7) % 4 2.065(38) % 1

180 1.963(16) x 4 2.066(83) x 1
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TABLE 8
Experimental and Calculated Molar Magnetic Moments at 1.4
K in the YBa(Co,_.Cu,)0O; Compounds (x = 0.9, 0.8, 0.4}

u (up) £ (up) uo (pg)
Composition ™ (ug)  with Coll¥  with Col™  with Cofll"
x =09 3.36 5.29 3.29 1.29
x=08 1.68 5.48 1,48 1.48
r=04 4,58 6.24 4.24 2.68
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