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A new solid solution YBaCoCu, . ,Fe, O, ; has been synthesized
for 0.30 = x =< 0.60. The neutron diffraction study of the phase
YBaCoCu,_Fe () (x = 0.50) confirms that its nuclear structure is
centric, i.e., betongs to the space group P4/mmm, which must be
now considered as characteristic of the “112" structure, built up of
double pyramidal layers of transition metal elements M{M = Fe,
Co, Cu). The neutron diffraction spectra registered at 1.4 and 300 K
show that themagnetic moments are antiferromagneticaily coupled,
lying in the (a, b) planc; the susceptibility measurements and Moss-
bauer spectroscopy data show for iron the only presence of Fe(il1),
acationic disordering, and ailow an intermediate spin configuration
for Co(111) to be identified. For x = 0.5 the phase can then be formu-
lated YBaCo, ;""'Coy !'Cu, s'Fe, M'Os.  © 1995 Academic Press, Inc.

INTRODUCTION

The study of the magnetic properties of iron and cobalt-
substituted layered cuprates is of capital importance for
understanding the relationships between magnetism and
superconductivity in high 7 superconductors. In this re-
spect, the ‘112" structure, first discovered for YBa
FeCuQs (1), can be considered a school material owing to
its simplicity. 1t consistsindeed of corner-sharing CuQsand
FeQ; pyramids forming double layers interleaved with yt-
trium cations (Fig. [). Several magnetic studies of this
phase (2-6) reveal a rather complex behavior, character-
ized by an incommensurate magnetic structure below
200 K (6) and by the existence of two transition tempera-
tures at 200 and 450 K respectively, with a 60° tilting of the
spins withrespecttoc, inthe 200-450 K temperature range.
Moreover, the recent reinvestigation of this oxide (6) dem-
onstrates that its nuclear structure is in fact characterized
by the centrosymmetric space group P4/mmm, contrary
to the previous results (5).

Studies of the cobalt-substituted cuprate YBaCo,_,
Cu, O, have shown an identical centrosymmetric nuclear
structure (8—12) but a different magnetic behavior{6, 8, 12).
A mixed valency, Co(Il) and Co(lll}, has been observed

for cobalt (8) with an intermediate spin configuration
13, el for Co(llI) and a spin orientation varying with temper-
ature. Two domains are in fact evidenced; the first one,
corresponding to x = 0.75, exhibits only one transition
temperature Ty, with the spins lying in the (a, b) plane, i.e.,
ir the [Cu(Fe)Q,].. layers. The second domain (0.7 <x <
1) exhibits two transition temperatures, labeled T, and T,
with spins titled with respect to ¢ for T < T,, and parallel
toclor T, < T <T,.

No data are available as yet about the spin configuration
and orientationin this structure whenbothelements, cobalt
and iron, are simultaneously introduced on the copper
sites. We report herein on the investigation of a new solid
solution, YBaCoCu,_,Fe O, whose magnetic properties
are studied by neutron diffraction and Mdssbauer spec-
troscopy.

EXPERIMENTAL

The oxides YBaCoCu,_,Fe O;,; were prepared by re-
acting appropriate mixtures of Y,0,, CuQ, Co0,0,,, Fe,0,,
and BaCO,. Powders were ground and calcined in air at
900°C for 24 hr in order to ensure decarbonation and were
then heated at 1000°C for 1 day. They were quenched to
room temperature in air. The oxygen content was deter-
mined by chemical analysis using back-titration with an
Fe(II) solution.

The purity of the materials was examined by X-ray pow-
der diffraction using CuKe radiation. Their nuclear and
magnetic structures were studied by neutron powder dif-
fraction. Spectra were recorded at 1.4 and 300 K respec-
tively using the multicounter diffractomers G 41 and 3T2
of Saclay.

RESULTS AND DISCUSSION

Chemical Synthesis of the Solid Solution
YBaCoCu,_,Fe O;

The existence of the two isotypic phases YBaFeCuO
(1-6) and YBaCo,_,Cu O;(7-12) with 0 = x =< 1, sugpests
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FIG. 1. The 112" type structure of YBaFeCuQ;.

the possibility of a large homogeneity range for the ““112"
structure in the system Y-Ba—-Cu-Fe-Co—0. Neverthe-
less different attempts to substitute cobalt either for iron
or for copper in YBaFeCuQ; were unsuccessful: for both
compositions YBaFe, Co,CuQ; and YBaFeCu,_,Co,0O;
multiphasic samples have always been obtained. On the
contrary, the substitution of iron for copper in the phase
YBaCoCuQ; allows a pure phase YBaCoCu,_,Fe, Os to
be isolated with 0.30 = x < 0.60.

This solid solution is isotypic with the 112-type struc-
ture of YBaFeCuO;, so that the parameters of its tetrago-
nal cell (Table 1) are directly related to the a, parameter
of the perovskite in the following way: a =~ a,and ¢ = 2a,,.
Note that the oxygen content (Table 1) of these quenched
samples is close to the ideal stoichiometric ““O5’’ compo-
sition.

Neutron Diffraction Study

Taking into account the rather narrow homogeneity
range of this solid solution, the study of the nuclear and
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FIG. 2. Observed and calculated neutron profiles for YBaCo
CuD_SFeMOs at 300 K.

magnetic structure was performed on the intermediate
composition YBaCoCu, sFe, ;05 (x = 0.50). A prelimi-
nary X-ray diffraction determination was first carried out
using the DBW program (13). The resulting atomic posi-
tions were then introduced as initial positions for the re-
finement of the structure from powder neutron diffraction
data collected on the 3T2 diffractometer at 300 K. The
neutron wavelength was of 1.2268 A and the 26 angle
ranged from 5° to 120°,

A large number of reflections are indexed in the tetrago-
nal cell (ay = a, and ¢y =~ 2a,) using the two possible
space groups: P4/mmm and P4mm, Whatever the choice
of the space group, some extra peaks cannot be indexed
in this unit cell. They correspond to an antiferromagnetic
ordering as will be seen from the susceptibility measure-
ments and Massbauer spectra. So, in a first step, we have
excluded these extra reflections in the refinement of the
nuclear structure. The first Rietveld refinement (Fig. 2)
performed in the space group P4/mmm, with the transi-
tion elements located in the (2£) position, lead to a low
value of the reliability factor (R; = 0.06). Similar calcula-
tious, carried out in the noncentrosymmetric space group

TABLE 1
Tetragonal Lattice Parameters Determined by X-Ray Diffraction and Oxygen Content of
YBaCoCu,_,Fe,Os, ; Phases Prepared in Various Atmospheres

Oxygen content

x a (A) ¢ (A) V(&% (£0.02)
Quenched samples 0.3 3.8802(1) 7.5616(2) 113,85 4.98
0.5  3.8863(1) 7.5624(2) 11422 5.00
0.6  3.8856(1)  7.5698(2) 114.29 5.03
Oxygen annealed samples 0.3 3.8763(D) 7.5694(3) 113.73 5.01
0.5 3.8758(1) 7.5816(2) 113.89 5.16
0.6  3.8765(1) 7.5875(2y  114.02 5.23
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FIG.3. Magnetic models corresponding to the (#/2, k/2, 1) conditions
observed by neutron diffraction for the YBaCoCuy sFe, ;05 compound.
Note: in the figure, the spin orientations in the (a, b) plane (model AF 3}
of the tetragonal structure have been arbitrarily fixed along the a axis.

Pd4mm, lead to significantly higher values of the reliability
factor (R; = 0.09), whatever the envisaged ordering of
the cations over the two (1b) sites: (1/2 1/2 0.27) and
(1/2 1/2 0.73). This result confirms that the structure is
better described in the P4/mmm group, in agreement with
the previous works on YBaFeCuO; (6) and YBaCoCuO;,
(12) compounds.

At this stage, in order to study the magnetic structure
of YBaCoCu, ;Fey 05, we have used simultaneously the
neutron diffraction specira obtained on G41 (A = 2.426
A)and 3T2at 1.4 and 300 K respectively. The superlattice
peaks due to the magnetic ordering cotrespond to 4/2,
k/2, I with k and k odd. These A, k, [ conditions and the
symmetry of the nuctear cell evidence a magnetic cell
characterized by a superstructure along aand b, i.e., with
the parameters a,,, = aN\/i and ¢y, = Cy.

TABLE 2
Neutron Refined Structural Parameters of YBaCoCuy sFe, ;0
at 14K
Atom Site x ¥ F4 Occupancy
Y 16 .0 0 0.5 1
Ba la 0 ] 0 1
Co, Cu, Fe 2h 0.5 0.5 0.2652(4) 2
o - 4§ 0.5 0.0 0.3123(3) 4
0@2) Id 0.5 0.5 0.0 1

Note. R, = 0.11, Ry, = 0.12, R, = 0.02, Ry = 0.045, Ry = 0.048.

Nuclear cell: @ = 3.8785(2) A; ¢ = 7.5441(4) A; magnetic cell: g =
548533 A;c = 15.0890(7) A; space group: P4/mmm; magnetic moment
ty = 528 (1) pg
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FIG. 4. Final profile refinement of YBaCoCu,Fe,;0s at 1.4 K.

They also imply an antiparallel orientation of the spins
in the (a, b) plane and an antiferromagnetic coupling be-
tween two successive layers along ¢. Two models can
then be proposed, denoted AF,y and AF,; (Fig. 3).

The refinements performed by the “FULLPROF’’ pro-
gram (14) with the spins directed along the ¢ axis (model
AF ;) give a poor magnetic reliability factor (Ry,), whereas
a better fit is obtained assuming magnetic moments lying
in the (a, b) plane (model AF,y). The corresponding Ry
factor is indeed lowered to 0.048, for the structural data
listed in Table 2, leading to a quite acceptable profile fit
al 1.4 K (Fig. 4). The interatomic distances (Table 3) are
close to those generally observed for such oxides. The
refined moment is 5.28 ug.

The inverse molar magnetic susceptibility (Fig. 5a) of
YBaCoCu, ,Fe,O; (0.3 = x < 0.6) compounds reveals a
minimum around 430 = 5 K which corresponds to the
antiferromagnetic~paramagnetic transition.

Mossbauer Spectroscopy Study

Massbauer spectra for the YBaCoCu, ;Fe, ;05 powder
sample collected at 500, 300, and 4 K are displayed in Fig.
6. The spectra at 4 and 300 K show an antiferromagnetic
ordering, consistent with the susceptibility measure-
ments. For these spectra, one observes a very small frac-

TABLE 3
Interatomic Distances for
YBaCoCuy sFey ;Os at 1.4 K

Bond d (A)
Y-0O(1) 24022y % 8
Ba-0(2) 2,742 x 4
Co, Cu, Fe-0O(1) 1.972(1) x 4
Co, Cu, Fe-0(2) 1.996(3) x 1
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FIG.5. Reciprocal molar magnetic susceptibility versus temperature

of YBaCoCu,_,Fe Os quenched samples (a) and oxygen annealed sam-
ples (b) (0.3 = x = 0.6).

tion (=3%) of a paramagnetic iron contribution which can
be attributed to some small paramagnetic particles of an
iron oxide impurity; otherwise three sextetls are necessary
to obtain a correct fit (Table 4). The refined values of the
isomer shifts IS, quadrupole lineshifts 2=, absolute value
of the quadrupole splitting QS, hyperfine fields H;, and
relative intensities are given in Table 4.

The isomer shift values of these sites show that iron is
trivalent in this phase. The presence of several iron sites
with hyperfine field values at 4 K ranging from 50 to
53 T shows that there are different magnetic interactions
due to different local environments for the Fe(IIl) ion
(8 = 5/2). This feature corresponds to a disorder in the
cationic sublattice which can also be observed in the para-
magnetic Mossbauer results at high temperature (Fig. 6):
the 500 K Mdassbauer spectrum of this phase was indeed
fitted either with two main components beside a small
third component whose relative intensity is about 10%
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(Table 4) or with a quadrupole splitting distribution lin-
early correlated to I8 (Fig. 7a). Note that the small amount
of Fe(lIl) with a 05 value of 1.1 mm/s can also be identi-
fied on the high @S tail of the distribution fit; it probably
corresponds to an unidentified Fe(IIl} impurity and has
already been observed in YBaFeCuO; (6). The mean
value 0S5 in the distribution, equal to 0.51 mm/s is stightly
higher than that of YBaFeCuO; (QS = 0.2 mm/s); this
corresponds to a less symmetric geometry of the FeO;
pyramid for YBaCoFe, ;Cu, ;05 than for YBaFeCuO;.
Taking into account the quadrupole shift value deter-
mined from the 4 K spectra and the quadrupole splitting
S observed in the 500 K spectra, one can estimate the
orientation # of the hyperfine field in the principal axes
of the electric field gradient tensor (EFG) from the rela-
tionship 2e = @5 (3 cos?d — 1)/2: in this tetragonal com-
pound, the EFG tensor is axial with its principal compo-

b
PN 500 K
L
RN I\
{ -

relative transmission

velocity, mm/s

FIG. 6. Massbauer powder spectra of YBaCoCuy sFeys0s at vari-
ous temperatures.
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TABLE 4
Refined Massbauer Hyperfine Parameters of YBaCoCuy sFeg 505, s Compounds, at Various Temperatures
Temperature
4K 300 K 500 K
IS (mm/sec) 2& (mm/sec) H;(I) % IS (mm/sec) 2g (mm/sec) H;(T) % 1S (mm/sec) @S (mm/fsec) %
+0.02 *0.02 *5 +5 +0.02 +0.02 x5 +5 *=0.02 +0.02 +5
Quenched 0.42 -0.20 531 37 0.31 -0.29 440 39 0.58 54
compound 0.41 -0.19 516 38 D.29 -0.18 413 38 0.26 39
0.42 —0.25 501 22 0.29 -0.17 385 22 :
0.33 0.34¢ — 3 0.29 0.247 — 1 0.19 1.10¢ 7
Annealed 0.41 -0.17 517 33 0.31 -0.22 375 36 0.19 0.66 38
compound 0.41 —0.19 501 44 0.32 -0.16 334 63 0.19 0.29 51
D.42 -0.23 482 20
-0.22 1.3¢¢ — 3 -0.05 0.90° — 1 0.18 1.06* 11

Note. % Relative intensity; Isomere shifts IS are referred to metallic iron at room temperature.

2 Absolute value of the quadrupole splitting Q5.

nent along the ¢ axis. Assuming that 08 is positive and
is nearly thermal independent and using mean weighted
values for 2¢ and QS taking into account the relative
intensities of the different sites, we have found for 6 a
value of 81° = 7°. This result is in agreement with the
neutron diffraction analysis showing that the magnetic

P(QS)
14 7 ]
12 7"*‘!‘1
10}
8t
sl
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2
° 0 1 QS (mms !
0 1 QS (mms

FIG. 7. P(QS} distribution corresponding to the 500 K Mossbauer
spectra of {a) YBaCoCuy;Fe; 505 and {b) YBaCoCuy sFeg 505 6.

moments are lying in the (a, b) plane. Note that this spin
orientation can be correlated to a nearly regular configu-
ration of the MOS pyramid (equatorial bonds at 1.4 K:
M-0y, = 1972 A and axial bond M—O&) = 1.996 A). This
correlation has been mentioned in the previous work on
YBaCo, Cu O (8} for x = 0.75.

If one takes into account the “‘Os’” stoichiometry and
the mixed valency of cobalt Co(I1)-Co(1lI) evidenced pre-
viously by XANES spectroscopy for YBaCo,_,Cu,Q; (8),
copper remaining in the divalent state, then, the formula
YBaCoy s"'Coq s*Cu s'Fe, sMOs can be proposed in
agreement with the Méssbauer results that imply for iron
the only trivalent state. Taking this formula into consider-
ation, the molar magnetic moment can be calculated and
compared to the experimental one, deduced from neutron
diffraction analysis (Table 5). For the calculated moment,
we have distinguished three possible electronic configu-
rations for Co(IlI) and used the following magnetic mo-
ments of Co(II), Cu(Il), Fe(IIl), and Co(III) in high spin
(hs), intermediate spin (is), and low spin (Is) state:
p#Coy(Il) = 3 py, pCull) = 1.1 up, pFey (I} = 5 pp,
wCop (1) = 4 pp, nCo,(111) = 2 py, and pCo(I1I) =
0 ug. As in YBaCo, Cu O;, the intermediate spin state

TABLE 5

Experimental and Calculated Molar Magnetic Moments at
1.4 K in YBaCoCu, ;Fe; ;0O

e (pp) Heal (1) Hear (12p)
Pexp (i5) with Coy(I11) with Co,(IIT) with Coy(11I1)
5.28 6.5 5.5 4.5
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of Co(III), with £, e} configuration, has been confirmed
by the good agreement between the experimental value
and the corresponding calculated value.

Effect of Oxygen Annealing

This oxygen deficient perovskite suggests the possibil-
ity of intercalating additional oxygen at the level of the
yttrium plane between two CuQ; (or FeO or CoOs) pyra-
mids (Fig. 1). Such a phenomenon has been observed in
the ‘112" cobalt-substitued phase YBaCo,_,Cu,Os, ; for
which an excess oxygen & has been evidenced (7-9) by
annealing at low temperature in oxygen. Moreover, in
YBaCo0,05.; (9 this nonstoichiometry leads to the obser-
vation of crystallographic superstructures. For this rea-
son, we have undertaken a study of the oxygen effect on
the YBaCoCu,_,Fe O compounds.

By annealing the pure quenched samples in an oxygen
flow at 430°C for 12 hr, we have obtained the correspond-
ing oxygenated phases YBaCoCu,_,Fe Os,;. No super-
structure was detected by X-ray diffraction, whatever the
x and 8 values. The cell parameters and oxygen content
are given in Table 1. Note that the a parameter does
not vary, whereas the ¢ parameter and oxygen content
increase as x increases.

Figure 5b shows the thermal evolution of the inverse
molar magnetic susceptibility of these annealed samples
(x = 0.3, 0.5, 0.6). One observes an undulation in the
curves at high temperatures (750 = T = 800 K), probably
due to oxygen loss at these temperatures, using helium
as atmosphere. The Néel temperatures are lower than
that observed for the quenched compounds (T, = 380 *
5 K).

For the x = 0.5 composition, i.e., *‘O5 ¢, we have
performed a Mdossbauer study at various temperatures.
These spectra (Fig. 8) are similar to those of the stoichio-
metric sample and have been fitted in the same way,
except for the spectrum at 300 K in which only two sextets
have been evidenced (Table 4). Around the QS mean
value, the distribution fit of the 500 K spectrum (Fig. 7b)
is more settled down and the correlation between the IS
and @S values is weaker than that of the quenched sample,
This suggests that the local environment of iron is distrib-
uted in a more homogeneous way in the oxygenated sam-
ple than in the Oy’ phases.

CONCLUSION

This study shows the possible coexistence of iron, co-
balt, and copper in the same **112"" type matrix, but for
aratherrich cobalt compound. It demonstrates once again
that the nuclear structures of all the ““112** compounds
exhibit the P4/mmm group, and are characterized by a
disorder of the transition elements in the pyramidal layers.

As for the oxides YBaCo,_.Cu, 0, one observes an
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FIG. 8. Mossbauer powder spectra of YBaCoCuy;Fep O 4 com-
pound at 4, 300, and 500 K.

intermediate spin configuration of Co(lII). Curiously, the
simultaneous presence of copper, iron, and cobalt makes
that the magnetic moments are lying antiferromagnetically
in the (a, b) plane. The same orientation is also observed
for cobalt rich compositions in YBaCo,_ Cu,0s (8), i.c.,
for x = 0.75, whereas for YBaFeCuQ;, the moments are
titled with respect to the ¢ axis (6).

As for the phases YBaCo,_ Cu,Os,;, further neutron
diffraction investigations are required to better under-
stand the influence of oxygen annealing on the magnetic
properties of this phase.
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