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' Fe absorption and Co emission Mossbauer spectroscopy were applied to iron- and cobalt-
doped YBa2(Cu1 —,M, )307-r high-temperature superconductors (M Fe, Co; 3.5 & 10
&x~0.1, y 0 and y 0.8) between 4.2 and 295 K with and without external magnetic field.
Four iron species A, 8, C, and D, are observed with different dominance at different x and y.
Aftereffects of the electron capture are ruled out. At 4.2 K, spontaneous antiferromagnetic order
is shown by contributions A, 8, and C in spectra of samples with xF, 0.06. A model-

independent separation of the magnetically split subspectra shows an asymmetry parameter of the
electric field gradient above 0.8 for 8 and 8. Temperature and external magnetic field depen-
dence of the magnetic splittings is indicative of superparamagnetic relaxation of small clusters.
The species A, B, and C are magnetically interrelated. We suggest a preferential Cu(1) substitu-

tion by Fe and Co. Three of the four iron species, viz. A, 8, and D, have beea assigned to high-

spin Fe +; C is high spin Fe +. We provide evidence that Co is mostly in the four-valent state,
too. Four-valent Fe and Co substitution in YBa2Cu307 —y is in reasonable agreement with the

dopant concentration dependence of T,. Possible crystallographic assignments of all four iron

(cobalt) sites are discussed.

INTRODUCTION

In spite of the great deal of endeavor of many groups
worldwide, the origin of Cooper pairing in the high-T, ox-
ide superconductors still remains to be elucidated.
YBa2Cu307 r (often referred to as the 1:2:3compound)
has a threefold stacked orthorhombic perovskite structure
where the central unit contains Y while the others contain
Ba. ' 3 There exist two different Cu sites, Cu(1) located
between two Ba-O(4) planes, and Cu(2) between the Y
and Ba-O(4) planes. The coordination of Cu(1) depends
on the oxygen stoichiometry. For y=0 in the pure 1:2:3
compound, which is a 90-K superconductor, Cu(1)-O(l)
chains are formed leaving the (0, —,',0) sites [O(5)] practi-
cally unoccupied, so Cu(1) has a fourfold coordinated
square-planar environment. On reducing the sample, oxy-
gen is removed from the basal [O(1)-Cu(1)-O(5)] plane
(i.e., from the chains). Superconductivity disappears with
the onset of tetragonality around y =0.5.3

Systematic atomic substitution studies in the 1:2:3com-
pound have provided additional understanding of these
materials. Replacement of Y by different and even

strongly magnetic rare earths has a minor effect on T„'
indicating that the rare-earth site is isolated from the
Cu(2)-0 network, the superconducting region in these
substances. 3d elements substituting on the Cu site sub-
stantially diminish T,. This T, diminution is correlated
with the shortening of the Cu(1) —O(4) bond length in

both doped and undoped YBa2Cu307 —~, indicating that
T, depression is related to the details of the chemical
bonds among the ions, and less affected by the presence of

paramagnetic substitutional ions. s

Samples with dopant concentrations of up to xF, 0.27
and xc,=0.33 were found to be of single phase. By in-
creasing the Fe or Co concentration the structure becomes
tetragonal ' with a threshold value for both Fe and Co of
about x =0.025. " However, x-induced tetragonality is
qualitatively different from that induced by oxygen remo-
val (y-induced tetragonality) in the undoped 1:2:3 com-
pound, since superconductivity persists at low tempera-
tures in the tetragonal phase of doped 1:2:3systems.
Diffraction studies of Fe- and Co-doped tetragonal 1:2:3
compounds (xd,v,„t=0.05, 0.07, and 0.08) revealed that
Fe and Co preferentially substitute at Cu(l ) sites and that
excess oxygen is brought into the lattice in an amount in-
creasing with increasing Fe and Co concentration. ' '
The oxidized x-induced tetragonal 1:2:3compound is con-
sidered as an assembly of heavily and incoherently
twinned orthorhombic individuals being tetragonal only in
a statistical sense. ' Diffraction data on YBa2(Cup92-
Feo ps)307 —

& were interpreted by chainlike Fe(1) clusters
along the [110]direction. ' It is remarkable that Fe- and
Co-doping results in the same changes of crystallographic
data and T, at almost the same x values.

Substitution at Cu sites studied by resonance methods
revealing local atomic arrangements is therefore of special
interest. Several authors reported on Fe Mossbauer
spectroscopy results on YBa2(Cu& -„Fe„)307 —y. Spectra
of samples with xF,)0.02 published so far comprise at
least three different doublets, viz. A, 8, and C, at room
temperature with quadrupole splittings of 1.93—2.0,
1.07—1.3, and 0.26—0.7 mm js and isomer shifts of
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0.03—0.09, —0.02—0.08, and 0.2—0.35 mm/s, respective-
ly. ' ~ Doublet A is dominant in the reduced (semicon-
ducting) state and 8 in the oxidized (superconducting)
state. Intensity fraction of doublet C remains low. A
fourth species, i.e., D, was suggested by Baggio-Saitovitch
et al. ,

'
by us, ' and recently by Blue et al. ' for low x

and low y with a quadrupole splitting of 1.6 mm/s and an
isomer shift of —0.19 mm/s at room temperature.

Here we report on Mossbauer emission and absorption
studies of doped YBaz(Cui —M )307—i, (M Co and
s7Fe). Samples with dopant concentrations xc, 3.5
X 10 and xF, 0.0015, 0.01, 0.06, and 0.1 were investi-
gated. Representative spectra will be shown here; a more
detailed Mossbauer study of these materials will be pub-
lished at a later date.

EXPERIMENT

Materials were prepared by firing stoichiometric quan-
tities of high-purity Yz03, BaCO3, and CuO(Fe, Co) in

two steps. CuO powder was first dropped by an aqueous
solution of CoClz or FeClq. The dried and mixed
powder was heated to 950'C in air for 2 h to convert the
chloride into fine-grained oxide and cooled to room tem-
perature in 1 h. Then the product was reground, pressed
into pellets, fired at 1020'C in oxygen for 2 h, cooled to
room temperature in 2 h, and divided into two sets. The
first set prepared as above was used for the first set of
Mossbauer probes ("oxidized state, " y =0). The second
set of samples was further heat treated in Ar flow at
480'C for 17 h. Such treatment results in a loss of oxy-
gen and a suppression of superconductity ("reduced
state, "y =0.8).

The probes were characterized by x-ray diffraction and
resistivity measurements. In the case of the Co-doped
substance a nonradioactive parallel probe was used. No
residual phase was detected by x-ray diffraction (detec-
tion limit 5%). Unit-cell dimensions showed a dependence
on the iron content similar to that reported by others.
The samples with xc, 3.5x 10, xF,=0.0015, and

xF,=0.01 were found to be orthorhombic and supercon-
ducting in the oxidized state and tetragonal with an ever
increasing resistivity down to 10 K in the reduced state. A
tetragonal pattern was found for xF, 0.06 and xF,=0.1 in

both oxidized (superconducting) and reduced (nonsuper-
conducting) states. Temperature dependence of the elec-
tric conductivity of the oxidized state samples showed su-

perconducting transitions centered at the temperatures 89,
88, 84, 56, and 21 K, for dopant concentrations xc,
=3.5 x 10, xF, 0.0015, xF, 0.01, xF,=0.06, and

xF, 0.1, respectively. The width of the transition was
monotonously increasing with the dopant concentration.

Fe absorption and Co emission Mossbauer spectra
of powdered samples mixed with boron nitride were taken
using conventional constant acceleration spectrometers.
Emission spectra were recorded using a single line ab-
sorber of K4Fe(CN)6. 3HqO. Low-temperature measure-
ments were performed in liquid-He cryostats equipped
with superconducting coils and a variable temperature
probe in the case of absorption measurements. Isomer

shifts are reported relative to that of a-Fe at room temper-
ature.

RESULTS AND DISCUSSION

Room-temperature spectra of Fe- and Co-doped
YBaqCu307 —

y samples are shown in Fig. 1. For easy
comparison the velocity scale of Co emission spectra has
been inverted. The spectra with xF, ~0.06 comprise
three quadrupole doublets A, 8, and C. For xF,=0.01,
0.0015, and xq, 3.5X10 a contribution of doublet D
increasing with decreasing dopant concentration is ob-
served. Quadrupole splittings, isomer shifts, linewidths,
and relative intensities of the least-squares-fitted quadru-
pole doublets of Lorentzians are summarized in Table I.
Contribution A dominates Mossbauer spectra at high y,
i.e., in the reduced state, contributions 8 and/or D dom-
inate at low y, i.e., in the oxidized state. Intensity fraction
of C does not vary significantly with either x or y. We
point out that hyperfine parameters of A, 8, and C show

no significant variation with y and only little with x
(Table I). Doublets 8 (except for xF,=0.06 and y 0.8)
and D are symmetrical, A and C are slightly asymmetrical
for xF, ~0.06. As, however, the total asymmetry ac-
counts only for less than 3% of the total intensity in sam-

ples with xF, ~ 0.06, we shall not discuss the line asym-
metries hereafter. A remarkable asymmetry of the dou-
blets A and 8 (Ii/Iq=1. 7 and 1.3) was observed in

YBaz(CuQ99Feiipi)30ss6 by Takano and Takeda' and
was attributed to the Goldanskii-Karyagin effect. Such
high asymmetries, however, could only be explained by an
unrealistically high degree of anisotropy of the lattice vi-

brations [i.e., ((x ) —(zz))'~ 0.27 and 0.19 A, respec-
tivelyl. ~ A preferred orientation of the crystallites was
ruled out by the authors themselves. The introduction of
a further quadrupole doublet with isomer shift —0.16
mm/s and quadrupole splitting 1.55 mm/s at room tem-
perature remains the only alternative explanation for the
measured asymmetry. These parameters are close to
those of D found by us at low x, low y.

In Fig. 2, 5 Co emission spectra revealing no spontane-
ous magnetic splitting at 4.2 K are shown. Spectra were
computer fitted by three symmetrical quadrupole doublets

A, C, and D (Table I). No contribution from doublet D
was detected in the reduced state. By applying an exter-
nal magnetic field of 5 T, poorly resolved magnetically
split spectra are observed. The linear combination
method as described below was applied to extract the
magnetically split net contributions from A and D. The
spectrum of the reduced sample was taken as pattern A,
because the low intensity flat contribution of C is smeared
out. The contributions A and D are displayed in Figs.
2(c) and 2(e). The net magnetic fields (H, rr) at the Fe
nucleus are about 19 and 16 T for subspectra A and D, re-
spectively. Provided that H,p is parallel or antiparallel to
H,„&, the external magnetic field, spectra are consistent
with a positive z-component V„ofthe electric-field gra-
dient (EFG). Magnetic field spectra reveal that both A

and D are paramagnetic species at 4.2 K.
Spectra of samples with xF,=0.1 and 0.06 for y=0 and
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FIG. 1. Room-temperature Mossbauer absorption and emis-
sion spectra of YBa2(Cu~ —„M„)307-r(M Fe, Co). (a)
xF, 0.1, y=0.8. (b) xF, 0.1, y=O. (c) xF, 0.1, y=0. (d)
xF, 0.0015, y=O. (e) xc» 3.5&10, y=0. (f) xc, 3.5
x 10,y =0.8. Velocity scale of emission spectra inverted.
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FIG. 2. Mossbauer emission spectra of YBaz(Cu~ —, Co„)3-
07—y with x«3.5x10 at T=4.2 K without and with ap-
plied magnetic field of 5 T. (a) y=0.8, H,„t=0. (b) y=O,
H,„t=0.(c) y=0.8, H,„t=5T. (d) y-0, H,„t=5T. (e) Con-
tribution of D separated by a linear combination of (c) and (d).
For details see text.

0.8 recorded at 4.2 K show spontaneous magnetic split-
ting. Spectra of the xF, 0.1 sample are displayed in Fig.
3. The magnetically split subspectrum C can easily be
identified by its isomer shift of =0.4 mm/s [solid lines in
Figs. 3(a) and 3(b)]. The value of H,s and the sign of V„
(i.e., the sign of eQV„/2 where Q is the quadrupole mo-

ment of the Mossbauer nucleus with QF, =+0.18 b) at C
sites were extracted (Table II). The central part of the
spectra is poorly resolved, but does not show relaxation
line broadening.

To separate the contributions from A and 8 in the low-
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FIG. 3. Mossbauer absorption spectra of YBa2-
(Cu~ — Fe )307—y at T 4.2 K. (a) x 0.1, y=0, H„t 0.
(b) x 0.1, y =0.8, H,„t0. (c) and (d) spectra (a) and (b)
after subtracting sextet of C. (e) Subspectrum A, and (f) sub-
spectrum 8. [(e) and (f) are the results of the linear combina-
tion of the spectra (c) and (d) with coefficients corresponding to
the fractions of A and 8 in Figs. 1(b) and 1(a), respectively.
For details see text. )

temperature Mossbauer spectra the following method was
applied. First, contribution C was subtracted from both
y 0 and y 0.8 spectra with an intensity ratio of 3:2:1 of
the outer, middle, and inner lines of sextet C, respectively.
Now it was assumed that the resulting normalized (by
area) spectra in Figs. 3(c) and 3(d) were only composed
of the components 2 and 8 with intensity fractions corre-
sponding to the magnetically nonsplit spectra of Figs. 1(b)
and 1(a). [Intensity fractions of A, 8, and C do not show
temperature dependence down to 85 K (see Table I); a
trend that was extrapolated to 4.2 K.] Therefore, by mak-
ing a channel by channel linear combination of the spectra
in Figs. 3(c) and 3(d), the net contributions from A and 8
were determined [Figs. 3(e) and 3(f)]. Using values of
the quadrupole splitting and isomer shift, extrapolated to
4.2 K, these spectra were further analyzed to extract
eQV„/2, 71 (i.e., the asymmetry parameter of the EFG),
0 ff 4, and e, the azimuthal and polar angles of the
effective magnetic field in the principal axes system of the
EFG at the Fe nucleus located at A and 8 sites. Spec-
tra of samples with xF, 0.06 were evaluated in the same
manner. Solutions were found in a narrow region of
values as shown in Table II. The sign of V„is positive
and the asymmetry parameter is above 0.8 for both the A
and 8 sites. Hasty conclusions are avoided at this point
about the relative orientation of the crystal axes and the
principal axes of EFG. With reference to unpublished
data in a recent publication Blue et al. ' claim that V„is
perpendicular to the crystallographic c axis and 71 0 at
site A. Our data, however, are indicative of rl&0.8 for
both xF, 0.1 and xF, 0.06 in case of both A and 8 Fur-.
ther investigations on oriented crystallites in external
magnetic fields are needed to resolve this discrepancy. It
should be noted, however, that rl 0 cannot be expected
for Cu(1) sites, as their point symmetry is orthorhombic.

In order to determine the nature of the spontaneous
magnetic order, external magnetic fields of 3 and 5 T were
applied at various temperatures in a direction parallel to
the incident gamma beam. If the order is ferromagnetic,
a decrease of the overall splitting is expected. On the oth-
er hand, if it is antiferromagnetic, an increase of the
linewidth and a small inside shift due to spin cantingz5 is
anticipated. Spectra without and with an external mag-
netic field of 5 T at 4.2 K are displayed in Figs. 4(a) and
4(b) showing a line broadening with a small inside shift of
the outer lines. We, therefore, suggest this magnetic cou-
pling to be of antiferromagnetic type.

Temperature variation of Fe Mossbauer spectra of
YBa2(Cuo9Feo1)30'7 is displayed in Fig. 4. With increas-
ing temperature, the decrease of the magnetic splitting for
all subspectra is accompanied by relaxation line broaden-
ing, leading to a collapse of the magnetic splitting at lower
temperatures than extrapolated from the temperature
dependence of the overall splitting of subspectrum C. Re-
laxation spectra of YBag(Cu~ —„Fe„)307-~are treated in
a separate publication. The magnetic anisotropy energy
of the clusters can be estimated from the onset tempera-
ture of spontaneous magnetic splitting, which is around 50
K for xF, 0.1. Due to the antiferromagnetic coupling,
the net magnetic moment of the clusters is small (i.e., of
the order of some Bohr magnetons). This net magnetic
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TABLE II. Values of H, ft, eQV„/2, sin 8, cos(24), and g at 4.2 K for sites 8, B, and C for xF,=O. I

and xF,-0.06. Values for xF,=0.1 correspond to the solid lines in Figs. 2(e) and 2(f) for subspectra A
and B and in Figs. 2(a) and 2(b) for subspectrum C.

y Doublet H,ff (T) eQV„/2 (mm/s) sin 0 cos(24)

"Fe 0.10
0.06
0.10
0.06
0.10
0.10
0.06
0.06

0.0
0.8
0.0
0.8

B
B
C
C
C
C

= 27
= 26
~ 23
= 21

46
49
44
47

+1.80
+1.80
+0.95
+0.95
—0.33
—0.33
—0.33
—0.33

—0 25
—0.25

~ ~ e 025
—0.25

=0.4
=0.5
=0.3
=0.2
&0.1

(0.1

(0.1

&0.1

&0.9
&0.9
&0.9
&0.9

&0.8
&0.8
&0.8
&0.8

moment multiplied by an external magnetic field of 5 T is
small compared to the anisotropy energy. Therefore, at
temperatures of about 100 K, where the magnetic
hyperfine splitting has collapsed, no magnetic stabilization
of the antiferromagnetic subspectra is anticipated in an
external magnetic field of 5 T. Since all subspectra show
magnetic splitting of only 5 T, corresponding to the exter-
nal magnetic field at 100 K [Figs. 4(e) and 4(f)], we con-
clude that all species are magnetically interrelated. This
provides strong evidence of magnetic coupling between
minority C and majority A and 8 sites. However, the on-
set temperature of spontaneous magnetic splitting of all
species A, 8, and C and also the extrapolated Neel tem-
peratures for species C depend on y. 2

The above facts supply satisfactory evidence of super-
paramagnetic relaxation of small (antiferro-)magnetically
ordered clusters in YBa2(Cu ~,Fe, )307 —y (xF,)0.01). The existence of such small clusters of Fe or Co
in YBa2(Cu~ —,Fe, )307—y or YBa2(Cu~-, Co, )307-y is
also in agreement with recent direct electron-diffraction
results on Fe-doped samples. '

By examination of the values of isomer shift and mag-
netic hyperfine splitting, an attempt was made to deter-
mine the spin and valence state of the different species.
Doublet C is unambiguously revealed by isomer shift,
quadrupole splitting, and magnetic hyperfine splitting as
high-spin Fe +. The most likely iron species correspond-
ing to the subspectra A, 8, and D is high-spin Fe4+
(S 2). Other species allowed by the isomer-shift data
(diamagnetic iron, low-spin Fez+, low-spin Fe3+, low-spin
Fe4+ ) can be ruled out on the basis of magnetic hyperfine
splitting. On the other hand, intermediate spin Fe +

(S= —,
' ) suggested by Takano and Takeda' is unlikely on

the basis of the isomer shift, which is typically 0.4 mm/s
for Fe + (S= —,

' ). The subspectra A and 8 have a mag-
netic hyperfine splitting of the same range. Therefore, if a
spin state can be attributed to these partly covalent iron
species at all, they have the same spin state. Temperature
dependence of the central shift of A, 8, and C is consistent
with a second order Doppler shift having a slope of about—4.7 x 10 mm/s/K. This high value, corresponding
to an effective mass of 1.6 times the free-Fe ion mass, in-
dicates relative loose bonding of the resonating nuclei to
the lattice of YBa2Cu307 —y. The magnetic moment
of Fe was found to be 4.78-4.88@a in YBa2-
(Cu~ „Fe„)307—y, which is close to the spin-only value

for high-spin Fe +. These experimental data further sup-

port our assumption of high-spin Fe +.
Moreover, Demazeau et al. suggested a possible

theoretical model for the stabilization of high-spin Fe +

in similar perovskite structures via the elongation of the
06 octahedra. Since the d-electron wave functions are of
even parity, elongation of an oxygen octahedron along a
C4 axis (D4t, distortion) with a central 3d ion is identical
with the removal of an axial oxygen from the octahedron
followed by a possible shift of the metal atom inside the
pyramid. Similarly, complete removal of axial oxygens
can be modeled by introduction of a D4q distortion in the
octahedral crystal field. Even in a strong cubic crystal
field, high-spin state of Fe + can be stabilized by a strong
D4t, distortion. "

Comparing Fe and Co (low x) Mossbauer measure-
ments, no aftereffect in emission spectra is found. There-
fore, we suggest that Co is also mostly in the atypical
Co + state in the I:2:3 compound prior to the electron
capture. If the electrons of the dopants simply fill the
mixed-valence Cu band, the dependence of T on 3d sub-
stitution of Cu can be estimated. Now, we assume four-
valent substitution of Cu in Y +Ba2 +(Cu2+3„+-
Cu~ 6, +M3„+)07. The mixed-valence state of Cu
linearly disappears at x —,

' . Assuming a mixed-valence
state of oxygen we come to the same conclusion. This
linear dependence in YBa2(Cu~, M„)307(M Fe,Co) is
well supported by experimental zero-resistance midpoint
temperatures of different authors reproduced in Fig. 5.

From the point of view of crystallographic assignment
of species A to D we find it important that Mossbauer
spectra of quenched samples and vacuum reduced ones
are nearly identical. ' It is therefore unlikely that iron
has a different atomic distribution (i.e., different site
preference) in the oxidized (superconducting) and the re-
duced (nonsuperconducting) state due to diffusion during
vacuum annealing. ' Moreover, we found that reducing
and oxidizing is reversible from the point of view of T„
Mossbauer parameters, and relative intensities. Simply
on the basis of the above, and the diffraction evidence that
Cu(1) sites are mostly affected on reduction of
YBa2Cu307 —

y one should conclude that iron preferen-
tially substitutes Cu(1). We believe that at least A and 8
sites, the most contributing to the Mossbauer spectra, may
only differ in local symmetry, Fe—O bond length, or the
number of oxygen neighbors, but both subspectra have to
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of T, on increasing four-valent dopant concentration in
Y'+Ba2'+(Cu2+3» +Cu~ -Q» +M3» )07 (see text).
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be assigned as Cu(l) sites. Furthermore, for xF, ~ 0.06
these Fe(1) sites are mostly neighboring sites allowing
some kind of exchange interaction between iron atoms in
small clusters.

Moreover, no spontaneous magnetic ordering is ob-
served in YBa2(Cu~ „Co„)307—~ with xc, 3.5x10

» »

—10.0 0.0 10.0
Ve 1 o c i t y ( rnm/s)

FIG. 4. Mossbauer absorption spectra of YBa2-
(CuQ. 9FcQ.f)307 at different temperatures with and without ap-
plied magnetic field. (a) T 4.2 K, H,„~ 0. (h) T 4.2 K,
H,„& ST. (c) T 15K, H„~ 0. (d) T 19K, H,„~ 0. (e)
T 100K, H„O.(f) T 100K, H,„ST.

at 4.2 K, but the species A and D show paramagnetic be-
havior in an applied magnetic neld of 5 T. Thus, it seems
reasonable to assign D to isolated Fe sites, which can
transform to (isolated) A sites on reduction. A sites are
characteristic of the YBa2Cu307 —„matrix rather than of
the clusters themselves.

The reason for such clustering is not understood at
present. It is tempting to argue that the square planar
Cu(1) coordination is very atypical of iron. According to
Bordet et al. ,

' iron preferentially occupies the possibly
distorted tetrahedral, pyramidal, and octahedral sites
formed by two O(4), one O(1), and one occupied O(5),
two O(4), two O(1), and one occupied O(5) or two O(4),
two O(1), and two occupied O(5), respectively, along the
twin boundaries in the [110] and [—110] directions in

YBa2(Cu~ „M,)307-3,. However, YBa2(Cu~, Fe, )3-

07 ~ of x- and y-induced tetragonality may have marked-
ly different oxygen stoichiometry in the Cu(1) plane.
Since superparamagnetic cluster formation is established
also in our reduced samples for xF, ~ 0.06, where, due to
y-type tetragonality, twinning need not exist, such a driv-

ing force for [110]ordering is questionable.
The increase of the overall oxygen stoichiometry on

doping of YBa2(Cu& „Fe„)307~ by Fe or Co is well es-
tablished. ' ' The certainly superexchange-mediated
antiferromagnetic order persisting at Fe(1) sites in the re-
duced state may be independent evidence of the existence
of excess oxygen in YBa2(Cu& „Fe„)307—y which is,
however, a contradiction to the assignment of Blue et al. '

From our results we suggest that 8 and D are pyrami-
dal sites in Cu(1) position. Sensitivity of these shifted
species to next-nearest-neighbor effects in the EFG may
account for the observed line broadening of the corre-
sponding quadrupole doublets. On reduction, 8 and D
sites transform to fourfold coordinated (possibly square
planar) sites, which we assign to doublet A. The
difference in charge transfer between neighboring Fe and
between Fe and Cu may account for the more negative
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isomer shift of the isolated D species. The unexpectedly
small difference in the isomer shifts of A and 8 may be
due to charge transfer between Cu(1) and Cu(2) layers in
the higher x case. Values of the asymmetry parameter of
the EFG imply a strong distortion at A and 8 sites, which
may also be due to this charge transfer. However, it is
difficult to explain why Fe and Co prefer a square planar
Cu(1) coordination to Cu(2) which is also a pyramidal
(practically square planar) fourfold coordinated site. One
solution might be that iron or cobalt, substituting lower
valent Cu(2) +, insist on having a sixth oxygen to com-
plete the octahedron. The excess oxygen brought in the
vicinity of the rare earth may be energetically unfavor-
able, which in turn explains Fe(1) preference over Fe(2),
the latter of which we therefore identify as the low-
intensity C species. Magnetic coupling of species C to
clusters in Cu(1) positions implies exchange interactions
via O(4). Further investigations will clarify this point.

CONCLUSIONS

In conclusion, four Fe species are needed for a con-
sistent interpretation of x and y dependence of Mossbauer
spectra of YBa2 (Cu ~

—„Fe„)307 —y in the oxidized and re-
duced state.

Spontaneous antiferromagnetic order is observed at 4.2
K in samples with xF, 0.06 and xF, 0.1, unlike in the
low-concentration ones with xF,=0.01 and xc, 3.5
X10, which are paramagnetic at 4.2 K. For xF, 0.1

and xF, 0.06, all subspectra are practically static at 4.2
K. Net contribution of A and 8 was determined by a
linear combination method. ri, the asymmetry parameter

of the EFG, is above 0.8 and V„is positive for both 2 and
8 species. For C, V„is negative, while for D it is prob-
ably positive.

Temperature variation and magnetic field dependence
of magnetically split spectra are indicative of super-
paramagnetic relaxation of antiferromagnetically ordered
small clusters at xF,=0.1 and xF,=0.06. This relaxation
has a common characteristic temperature for the subspec-
tra A, 8, and C. Therefore, we suggest the A, 8, and C
sites to be magnetically interrelated.

From our results we conclude that the species A, 8, and
D are high-spin Fe4+, C is high-spin Fe3+. We provide
evidence that Co is also mostly in a four-valent state. In
case of Fe, a strong D4st distortion of the M(1) environ-
ment is a possible explanation of this rather rare valence
state. Four-valent Fe and Co substitution in YBa2Cu3-
07 ~ is in reasonable agreement with the dopant concen-
tration dependence of T,.

We suggest that majority species 8 and D are pyrami-
dally coordinated Cu(1) sites, C is a Cu(2) site, and A is a
fourfold coordinated, probably square planar Cu(1) site.
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