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We have conducted a systematic 57Fe MoK ssbauer study on
BaR(Cu0.5Fe0.5)2O5�� double perovskites with various oxygen
contents and rare-earth elements (R �Lu, Yb, Y, Eu, Sm, Nd,
and Pr). In samples based on R �Lu, Yb, Y, Eu, Sm the oxygen
content remained at �+0, upon reductive or oxidative heat
treatments under normal pressure. The larger rare-earth ele-
ments, i.e. Nd or Pr, readily allowed for continuous oxygen
content tuning up to �+0.3. By employing high-pressure heat
treatments higher oxygen contents were achieved for all samples.
The NeH el temperature of the samples was found to decrease with
increasing amounts of oxygen entering the lattice. In high-pres-
sure oxygenated samples the decrease was less severe indicating
that despite the incorporation of oxygen a large amount of Fe
still remains in the high-spin trivalent state. By using charge-
neutrality arguments together with the relative intensities of the
MoK ssbauer spectral components the average valences of Fe and
Cu were obtained. Oxygenation under normal pressure led to
a corresponding increase of the valence of Fe, while Cu remained
divalent. Upon high-pressure heat treatment equal amounts of
Fe3� and Cu2� were found to be oxidized to Fe5� and Cu3�,
respectively. � 2002 Elsevier Science (USA)
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4596/02 $35.00
02 Elsevier Science (USA)
ghts reserved.
1. INTRODUCTION

The LaCuO
���

perovskite can be considered as a parent
structure for the superconducting cuprate phases. If the
A site is co-occupied by a small R (R"rare-earth element;
e.g. Y) and a large A metal (e.g. Ba), ordering rather than
solid solubility of the R and A atoms is expected, leading to
the formation of a double-perovskite structure. This was
accomplished for the "rst time by Er-Rakho et al. (1) who
found an oxygen-de"cient double-perovskite, BaY(Cu

���
Fe

���
)
�
O

��� . Later the BaR(Cu
���

Fe
���

)
�
O

��� phase was
synthesized also for R"Pr, Nd, Sm, Gd, Dy, Tm and Lu
(2). In the structure of BaY(Cu

���
Fe

���
)
�
O

��� barium and
yttrium are ordered along the c-axis making the two
(Cu,Fe)O

�
planes, consisting of the basal planes of

(Cu,Fe)O
�
pyramids, mirror images for each other. Barium

(coordination number CN"12) in the single BaO plane
shares the apical oxygen atoms of the both (Cu,Fe)O

�
planes, while yttrium (CN"8) faces the basal planes of the
(Cu,Fe)O

�
pyramids. Within the (Cu,Fe)O

�
planes copper

and iron are not ordered but randomly distributed (3}5).
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Fe
���

)
�
O

���
The relevant space group is thus P4/mmm, in which the Fe
and Cu atoms occupy a single lattice site, but with a small
systematic splitting between the positions of the two atoms.
The perovskite-derived structures of superconductive cu-

prates consisting of alternatingM
�
O

��� blocks, AO layers
and Q

���
Cu

�
O

��
blocks are classi"ed as members of vari-

ous M
�
A

�
Q

���
Cu

�
O

�������� or M!m2(n!1)n homo-
logous series (6). If the same notation system for the
BaR(Cu

���
Fe

���
)
�
O

��� double-perovskite structure is ap-
plied, it can be expressed as 0112 (7). Note that, the simple
perovskite LaCuO

���
would be the n"1member, i.e. 0101,

of the same 01(n!1)n series. Even though the so-called
02(n!1)n (8) series has been found to superconduct, the
01(n!1)n series has not been synthesized with supercon-
ducting properties yet.
In the BaR(Cu,Fe)

�
O

��� system, the not-yet-obtained
Fe-free phase (9) would be a good candidate for an almost
isotropic superconductor, while for the recently stabilized
Cu-free phases (10) interesting properties, due to a #uctuat-
ing mixed-valence state of iron, were observed (11). In this
system, it was shown that "ve-coordinated Fe�� and Fe��
share an electron, with the result that both formally appear
as Fe����. Furthermore, for such mixed-valent phases mag-
netoresistance was recently observed (12).
A systematic study of the oxygen non-stoichiometry in

the BaR(Cu
���

Fe
���

)
�
O

��� phase has been reported earlier
(13, 14). For rare-earth elements smaller than Nd the oxygen
content remains constant upon normal pressure O

�
/Ar heat

treatments. High-pressure heat treatments, on the other
hand, were found to increase the amount of excess oxygen,
�. The use of larger rare-earth elements, i.e. Nd or Pr,
enables direct variation in oxygen stoichiometry depending
on the temperature and the partial pressure of oxygen in the
surrounding atmosphere, during the heat treatments. In this
paper, evidence is presented for the dependence of Cu val-
ence on the pressure during oxygenation.

2. EXPERIMENTAL

BaR(Cu
���

Fe
���

)
�
O

��� samples with R"Lu, Yb, Y, Eu,
Sm, Nd, and Pr were prepared from stoichiometric mixtures
of BaCO

�
, R

�
O

�
(Pr

�
O

��
), Fe

�
O

�
and CuO by heating at

10003C in air for several days. The normal-pressure oxygen-
ative and deoxygenative post-annealings were carried out
for the as-synthesized samples in a thermobalance (Perkin-
Elmer System 7 TGA) by heating a sample of &35 mg at
a slow rate of 13C/min under O

�
and Ar atmospheres. The

high-pressure heat treatments were performed on the oxy-
genated samples in a cubic-anvil-type apparatus at 5 GPa
and 12003C for 30 min. For these experiments powder
samples of &70 mg were separated and tightly packed into
gold capsules of 4 mm diameter and 3.7 mm height. Each
gold capsule was covered by an NaCl separator and placed
into a pyrophyllite container with an internal graphite tube
heater. Additionally, one deoxygenated Pr-based sample was
heat treated at a high pressure. The high-pressure heat-
treated samples are henceforth referred to as HP samples,
while the ones oxygenated or deoxygenated under normal
pressure are denoted NP samples. In order to improve legi-
bility the &&NP'' attribute is omitted in the tables for all the
normal-pressure samples. Each sample was checked for
phase purity and the lattice parameters by X-ray di!rac-
tometry using CuK� radiation. The absolute oxygen content
of the samples was determined by both coulometric Cu(I)/(II)
titrations and thermogravimetric reduction experiments.
The dc magnetization of the samples was measured under

an applied "eld of 1 T with a SQUIDmagnetometer (Quan-
tum Design MPMS-5S) in the temperature range of
5}300 K and with a magnetic balance apparatus based on
the Faradaymethod in the temperature range of 300}600 K.
The �	Fe MoK ssbauer spectra of the samples were re-

corded at room temperature and at 77 K in transmission
geometry. Selected samples were additionally measured at
320}380 K. One of the Pr-based samples was also measured
at 10 K in order to get better resolved data and saturated
internal "eld values. Absorbers were made by spreading the
sample material mixed with varnish evenly on an Al foil.
The thickness of the sample material (expressed in mass per
area) was 20 mg/cm�. A linear Doppler velocity sweeping
from !15 to #15 mm/s was used when measuring the
antiferromagnetic (AF) samples. The paramagnetic (P) sam-
ples were scanned with a velocity ranging from !3 to
#3 mm/s. An Amersham �	Co:Rh (20 mCi, December
1998) source was used for producing the MoK ssbauer
� quanta, during the time interval of February 1999}
January 2001. The spectra exhibiting magnetic splitting
were "tted with the full Hamiltonian of combined electric
and magnetic interactions. The following hyper"ne para-
meters were included in the "t: the internal magnetic "eld
experienced by the Fe nucleus (B), the chemical isomer shift
relative to �-Fe (S), the quadrupole coupling constant
(eQ<

��
), the resonance line widths (�), and the relative

intensities of the components (I). When "tting paramagnetic
spectra B was "xed to zero, the following conditions and
constraints were applied: (i) For each component a certain
variation in the parameter B was allowed in order to simu-
late the fact that the internal "elds have a certain spread due
to, e.g., local distortions of the coordination polyhedra in-
itiated by the random distribution of Fe and Cu atoms at
the transition metal site. A Gaussian distribution was as-
sumed and its width (�B) was introduced as a "t parameter.
(ii) The asymmetry parameter � and the angle � between the
direction of the magnetic and the electric quantization axes
were set equal to zero. Attempts to release constraint (ii) did
not improve the "ttings, as the quadrupole coupling
constant in most cases was found to be close to zero, or the
intensity of the components so low that lines 3 and 4 of
the magnetic sextets were not visible. (iii) All components



TABLE 1
Lattice Parameters at 295 K of the

BaR(Cu0.5Fe0.5)2O5�� Samples

R � a (As ) c (As ) < (As �)

Pr 0.03 3.928 7.761 119.7
Pr 0.35 3.923 7.759 119.4
Pr(HP) 0.40 3.928 7.754 119.6
Pr(HP) 0.45 3.926 7.757 119.6
Nd 0.01 3.921 7.749 119.1
Nd 0.20 3.915 7.741 118.6
Nd 0.25 3.917 7.745 118.8
Nd(HP) 0.49 3.919 7.733 118.8
Sm 0.03 3.906 7.714 117.7
Eu 0.02 3.899 7.705 117.1
Y 0.03 3.878 7.672 115.4
Y(HP) 0.16 3.873 7.650 114.8
Yb 0.00 3.857 7.641 113.7
Yb(HP) 0.16 3.857 7.626 113.4
Lu 0.01 3.855 7.642 113.6
Lu(HP) 0.36 3.855 7.629 113.4

Note. The statistical error is typically 0.002 As , 0.15 As �, and 0.02 for the
lattice parameters, unit cell volume, and �, respectively. Only high-pressure
sample are marked with HP.
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were constrained to have equal line widths �. (iv) A small
asymmetric quadrupole component, originating from traces
of iron in the Be detector window and in the Al foil was kept
"xed during the "ts. These impurity defects cover less than
&2 % of the spectral intensity obtained in the measure-
ments. In the analysis of the P spectra constraint (i) was
changed so that B and �Bwere set equal to zero and a small
variation of eQ<

��
was allowed, by introducing a Gaussian

with the width �<
��

as a "t parameter.

3. RESULTS

The samples adopted the tetragonal double-perovskite
structure for all rare-earth elements used in the present
work. Both lattice parameters, a and c, for the
BaR(Cu

���
Fe

���
)
�
O

��� phase increase linearly with the
ionic radius of the rare-earth element, whereas introduction
of excess oxygen leads to a shrinkage of the unit cell. In
Table 1 the lattice parameters are presented. In the samples
with R"Lu, Yb, Y, Eu and Sm the amount of excess
oxygen � in the as-synthesized samples was close to zero.
As-synthesized samples with R"Nd and Pr on the other
hand were found to exhibit oxygen stoichiometries between
those of the fully oxygenated and the fully deoxygenated
forms. The amount of excess oxygen could thus be tuned in
a continuous way from �+0 to a maximum value, �

���
,

where �
���

"0.25 and 0.30 for R" Nd and Pr, respective-
ly. High-pressure heat treatments constantly resulted
in elevated oxygen contents ranging from �+0.16 for Y
and Yb to �+0.45 for Pr and Nd. The origin of the
excess oxygen is believed to be in hydroxyl groups of the
pyrophyllite used as a pressure-transmitting medium and
cannot be tuned in a controlledmanner, i.e. the "nal value of
� was found to vary somewhat from one experiment to
another.
Before presenting the results obtained by MoK ssbauer

spectroscopy it is useful to review some of the earlier "nd-
ings. All previous MoK ssbauer studies on BaR(Cu

���
Fe

���
)
�

O
��� samples revealed an intense component assigned to
"ve-coordinated high-spin Fe��, in accordance with the
expected Fe valence and the presence of (Cu,Fe)O

�
pyr-

amids in the structure (1}5, 11, 15). This was rather straight-
forward using the experimental isomer shift and saturation
"eld values of 0.25}0.35 mm/s and &50 T, respectively. The
component was seen both in AF (i.e. low-� and/or low-¹)
and P (i.e. high-� and/or high-¹) spectra. In the P spectra
the component exhibits a rather low quadrupole splitting
(4). In this work the component will be denoted as Compon-
ent 1. In general, the AF spectra seldom were completely
accounted for using Component 1 only, as an asymmetric
broadening of the resonance lines was observed. This was
originally handled by introducing a satellite component (1)
but later by employing a distribution of the hyper"ne para-
meter values (2, 3, 5). We have adopted the former approach
in this paper, in order to simplify the "tting. However, the
satellite is still considered to have the same crystallographic
and coordinational origin as Component 1.
The situation becomes more complicated when oxygen is

introduced into the lattice. There are not so many reports
on oxygen-loaded samples, as only Nd- and Pr-based sam-
ples allow for substantial oxygen uptake under ambient
pressure (13, 14). Upon oxygenating the samples presence of
oxidized Fe species, exhibiting internal "elds below that of
high-spin Fe�� and negative isomer shift values, are ex-
pected. This was indeed observed by Pissas et al. (4) who
report presence of six-coordinated Fe�� with a saturation
"elds of 31}34 T and isomer shifts of &0.0 mm/s in samples
with �"0.26 and 0.5. Their high oxidation state is in
accordance with the oxygen contents and component inten-
sity, as obtained from the computer "ttings. Oxidized Fe
species are seen in the present samples as well and we have
denoted them as Component 3a and 3b in the MoK ssbauer
spectra. In our earlier study traces of oxidized Fe were also
found in MoK ssbauer spectra of BaY(Cu

���
Fe

���
)
�
O

��� .
These were assigned to six-coordinated Fe
� (9). In addition
to this Pissas et al. (4) reports for the Pr-based samples
a prominent component of an Fe species assigned to valence
state #3 based on the isomer shift and internal "eld values.
The component is present also in the paramagnetic phase
and they assign it to "ve-coordinated Fe��. Thus, one is
tempted to equate this component with the satellite of
Component 1. However, one additional component, seen
mainly in high-pressure treated Y-based samples has been
reported (5, 9). It has an isomer shift typical of Fe�� and
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)
�
O

���
reaches its saturation "eld of more than 50 T already at 300
K and can thus hardly be considered a satellite of Compon-
ent 1. Its 1st and 6th lines appear in the room-temperature
spectra outside the 1st and 6th lines of Component 1 and is
assigned to six-coordinated Fe��, i.e. Fe atoms which are
located next to the up-taken extra oxygen, but which for
some reason have retained their valence. In this work this
component is denoted as Component 2. Although no one
else has reported Component 2, it can be observed in e.g. the
MoK ssbauer data of Tm- and Gd-based samples (2), where it
has been left un"tted.
As mentioned above only Pr and Nd allow for substantial

oxygen loading. However, the choice of rare-earth element
a!ects also the magnetic properties. At 300 K the weakest
"elds were obtained for the BaR(Cu

���
Fe

���
)
�
O

�
phases

with the largest R elements and these phases also have the
lowest NeH el temperatures ¹

�
, as shown by a temperature

scan performed by Pissas et al. (2).
For the present samples �	Fe MoK ssbauer spectroscopy

data revealed that the oxygenated forms of the phases with
R"Nd and Pr are paramagnetic at room temperature,
while the deoxygenated samples (�+0) and HP samples
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FIG. 1. �	Fe MoK ssbauer spectra of two AF HP heat-treated
BaPr(Cu

���
Fe

���
)
�
O

��� samples. Spectrum (a) was recorded for the
�"0.40 sample at 10 K. Spectrum (b) was recorded for the �"0.45 sample
at 77 K. The computer "tting is based on Components 1, 2, 3a, 3b and the
satellite of Component 1, as explained in the text. The components with
appropriate labels are displayed above each spectrum, where S denotes the
satellite.
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FIG. 2. �	Fe MoK ssbauer spectra of the AF HP heat-treated
BaLu(Cu

���
Fe

���
)
�
O

����
sample, recorded at (a) 300 K, (b) 77 K. The

computer "tting is based on Components 1, 2, 3a, 3b and the satellite of
Component 1, as explained in the text. The components with appropriate
labels are displayed above each spectrum, where S denotes the satellite.
based on Y, Yb and Lu are AF at room temperature. All
spectra are dominated by Component 1, in accordance with
the previous results. Upon cooling the samples down to
77 K the resonance line width decreases and the internal
"eld of the Component 1 approaches the saturation value of
more than 50 T, with a simultaneous weakening of the
satellite intensity. The 50 T "eld and the isomer shift value
S+0.35 mm/s of Component 1 are typical of high-spin
Fe��, thus con"rming the assignment. Generally, the 77 K
AF spectra were more reliable for component assignments
due to the decreased line widths and increased internal "eld
values. A consistent component assignment can, neverthe-
less, be achieved for all spectra regardless of the temperature
and magnetic state (P/AF ordering). In Figs. 1, 2, and 3 AF
MoK ssbauer spectra recorded at 10, 77, and 300 K, respec-
tively, are shown. The hyper"ne parameters obtained from
the "ttings of the AF spectra are presented in Tables 2 and 3.
In the following, we will review all the other components

observed in the low-temperature measurements. When ne-
cessary reference to the 300 K spectra is made. The satellite
of Component 1 has an isomer shift of &0.40 mm/s and
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FIG. 3. �	Fe MoK ssbauer spectra of the AF NP BaEu(Cu
���

Fe
���

)
�

O
����

sample, recorded at (a) 300 K, (b) 77 K. The computer "tting is based
on the Components 1, 2, 3a, 3b and the satellite of Component 1, as
explained in the text. The components with appropriate labels are dis-
played above each spectrum, were S denotes the satellite.
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a "eld of around 45 T. It is thus quite compatible with
CN"5 Fe�� of Component 1. In Figs. 1}3, the satellite is
located in the inner slopes of lines 1 and 6 of Component 1.
Component 2 has the largest internal "eld and is usually
completely resolved from Component 1, except when
R"Pr, and Nd. It exhibits isomer shift values of
0.3}0.5 mm/s, with the exception of two Pr spectra. It is
therefore consistent with the CN"6 Fe�� assignment, as
discussed above. (5, 9) It typically gives very sharp peaks to
the extreme left and right of the spectra. This is particularly
true at 300 K, since upon increasing the temperature the
"eld of Component 1 weakens faster than that of Compon-
ent 2, cf. Figs. 1a, 1b and 3a. In the 77 K spectrum of Fig. 1b
Component 2 is slightly overlapping with Component 1, but
still visible enough to enable "tting. This is not the case for
spectrum 3b, in which Component 2 could no longer be
"tted, although it was quite visible in the 300 K spectrum. In
the case of Pr and Nd, Component 2 interferes with Com-
ponent 1. This is still a problem at 77 K and therefore one of
the Pr HP sample was measured at 10 K. In most cases only
line 6 of Component 2 is visible in the outer slope of
Component 1. This explains the abnormally high isomer
shift values of some of the Pr spectra, cf. Table 2.
In addition to the components assigned to Fe��, one to
two less-intense components are discernible in the AF
spectra. These components are labeled 3a and 3b. These two
components have saturation "elds B+24 and 34 T, to-
gether with substantial negative isomer shifts and are thus
readily assigned to oxidized Fe species with the coordina-
tion number six. Fe�� species in the intermediate spin state
are not considered here, as the excess oxygen present in the
phase indicates that oxidized Fe species should be found. In
the earlier reports only one such component was detected
(4, 5, 9). The rich, but weak structure between the 2nd & 3rd
and 4th & 5th lines of Component 1, forced us to introduce
Component 3b. The 10 K Pr spectrum could not be "tted in
a satisfactory manner using only Component 3a. At 300 K
the hyper"ne parameter values of Components 3a and 3b
do not di!er much as these are not so well resolved from
each other due to line broadening, Table 3. The total
amount of oxidized Fe in the MoK ssbauer spectra remains
roughly the same, whether one is "tting the spectra using
one or two components. This is due to the fact that Compo-
nents 3a and 3b do not overlap strongly with Components
1 and 2, owing to their di!erences in internal "eld values.
Components 3a and 3b interfere with each other, which
results in the scattering of the isomer shift and quadrupole
coupling constant values. However, in the following section
we will be mainly interested in the overall intensity of
Components 3a and 3b. In our earlier works the observed
Component 3a was assigned to high-spin Fe
�, but with the
present results of the highly oxygenated samples at hand the
pentavalent state seems more probable, in accordance with
Ref. (4). The valence state will also be discussed further on.
At this point it is enough to notice that particularly in the
oxygenated samples, surprisingly small amounts of oxidized
Fe is found. Assuming the tetravalent state for Components
3a and 3b, would force us to increase the valence of the Cu
atoms to almost #3, which seems highly improbable. Only
for the samples with a low oxygen content could Fe
�
species be considered.
The paramagnetic spectra were analyzed using three

spectral components. Typical spectra obtained for NP and
HP paramagnetic samples are shown in Figs. 4 and 5.
Hyper"ne parameters obtained from the "ttings are given in
Table 4.
Some of the spectra (including that for the Lu(HP)

�"0.36 sample) were recorded at elevated temperatures in
order to get pure paramagnetic hyper"ne parameter values
above ¹

�
. The component with the smallest value for the

isomer shift (Component 3, S+0.0 mm/s) is readily as-
signed to six-coordinated Fe in an oxidized state in accord-
ance with results from the AF spectra and Ref. (4). As
suggested above the valence is tentatively assigned to #5.
The two other components have isomer shift values
S"0.25}0.30 mm/s, i. e. typical of Fe�� with coordination
numbers "ve and six. These two components di!er in the



TABLE 2
Hyper5ne Parameters Obtained from the Fittings of the 77 K Antiferromagnetic MoK ssbauer Spectra

Intensities (%) Internal "elds (T)

R � I�
�

I
�

I
��

I
��

B
�

B
�

B
��

B
��

Pr 0.03 87(3) 6(1) 4.1(7) 2.9(7) 49.35(4) 53.3(3) 23.6(5) 32.5(5)
Pr(HP) 0.40 81(4) 4(3) 8.6(8) 6.7(9) 48.1(3) 51(1) 23.1(2) 33.5(3)
Pr(HP)� 0.40 85(2) 4.3(9) 4.8(7) 5.6(7) 50.62(4) 53.0(2) 24.2(3) 31.7(3)
Pr(HP) 0.45 71(2) 7(1) 9.2(7) 12.8(7) 46.17(9) 51.3(3) 20.8(2) 30.7(2)
Nd 0.01 93(4) * 4(1) 2(1) 49.86(4) * 24.2(3) 33.5(8)
Nd 0.25 66(3) 15(2) 11.6(7) 8.3(8) 45.3(2) 47.9(2) 17.9(2) 31.0(4)
Sm 0.03 94(4) * 3(1) 3(1) 50.29(3) * 23.9(4) 32.8(4)
Eu 0.02 96(4) * 2.4(9) 2(1) 50.56(3) * 24.9(4) 31.9(5)
Y(HP) 0.16 91(3) 3.4(9) 2(1) 3(1) 50.15(3) 54.6(3) 24.4(5) 33.9(4)
Yb 0.00 96(4) * 1(1) 2(1) 50.96(3) * 26.9(4) 33.5(5)
Yb(HP) 0.16 86(4) 8(1) 3(1) 5(1) 50.67(3) 53.1(2) 24.5(4) 36.7(3)
Lu 0.01 88(4) 3(1) 4(1) 6(2) 50.8(4) 53.8(6) 25.0(5) 36.5(3)
Lu(HP) 0.36 80(3) 16.3(9) 1.7(7) 2.5(7) 50.66(2) 54.98(6) 25.6(4) 36.1(3)

Isomer shifts (mm/s) Quadrupole coupling constants (mm/s)

R � S
�

S
�

S
��

S
��

eQ<�
��

eQ<�
��

eQ<��
��

eQ<��
��

Pr 0.03 0.365(4) 0.48(3) !0.04(6) !0.11(7) !0.17(2) !0.1(1) !0.2(3) !0.9(3)
Pr(HP) 0.40 0.35(2) 0.3(3) !0.14(4) !0.07(4) !0.2(1) !1.3(9) !0.2(1) !0.1(2)
Pr(HP)� 0.40 0.367(4) 0.74(6) !0.08(5) !0.08(5) !0.21(2) !0.1(2) !0.5(2) !0.6(1)
Pr(HP) 0.45 0.371(8) 0.89(5) !0.20(5) !0.27(2) !0.13(3) !1.7(2) !0.7(2) !0.29(8)
Nd 0.01 0.363(5) * !0.01(5) !0.1(1) !0.10(2) * !0.3(2) !1.0(4)
Nd 0.25 0.35(1) 0.38(2) !0.11(3) !0.06(5) !0.16(5) !0.07(8) !0.9(1) !0.7(2)
Sm 0.03 0.366(3) * !0.13(5) !0.00(5) !0.1(2) * !0.6(2) !1.3(2)
Eu 0.02 0.351(3) * !0.18(8) !0.29(7) !0.09(1) * !0.6(3) !1.6(3)
Y(HP) 0.16 0.357(3) 0.56(5) !0.0(1) !0.33(5) !0.26(1) !1.7(2) !0.6(3) !0.5(2)
Yb 0.00 0.341(4) * !0.40(7) !0.04(8) !0.18(2) * !0.6(4) !0.3(3)
Yb(HP) 0.16 0.349(4) 0.52(3) !0.49(5) !0.53(4) !0.22(2) !0.7(1) !0.1(2) !0.7(2)
Lu 0.01 0.351(5) 0.53(7) !0.58(6) !0.58(5) !0.17(2) !2.6(3) !2.77(2) !1.67(2)
Lu(HP) 0.36 0.348(3) 0.406(8) !0.39(5) !0.39(4) !0.26(1) !0.04(3) !0.1(2) !0.7(2)

Note. From the normal-pressure samples the &NP' notation is omitted.
aIncludes satellite intensity (when present).
bData obtained at 10 K.
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value of the quadrupole coupling constant eQ
�
<
��
. Upon

increasing � the intensity of the component with a smaller
eQ

�
<
��

value decreases, while the other component in-
creases its intensity. Moreover, as the octahedral coordina-
tion polyhedron is somewhat #attened resulting in an
increased value for the quadrupole coupling constant, the
component with the larger eQ

�
<
��

value (Component 2) is
assigned to six-coordinated Fe�� and the component with
the smaller eQ

�
<
��
value (Component 1) to "ve-coordinated

Fe��. Earlier high-temperature MoK ssbauer measurements
con"rm the assignment of the latter component (4, 15). The
results of the paramagnetic spectra agree rather well with
the corresponding AF spectra, i.e. there are three types of Fe
species: CN"5 Fe�� (Component 1), CN"6 Fe�� (Com-
ponent 2), and CN"6 Fe�� (Component 3). For Nd and Pr
the intensity of Component 2 is lower in the AF phase,
which is due to the overlapping of Components 1 and 2, as
explained above. The amounts of Fe�� in the P and AF
spectra are roughly equal on the other hand. For the
Lu(HP) sample Component 2 is well resolved in all the
spectra and has therefore approximately constant intensity.
Components 3a and 3b appeared rather weak in the corre-
sponding AF spectra, a fact which leads to an under-estima-
tion of the amount of Fe�� for Lu(HP) �"0.36 in the AF
phase.
With the assignment completed, the intensities of the

spectral components in the AF and P MoK ssbauer spectra
can be used for checking the distribution of excess oxygen in
the lattice. In particular, we will discuss the fact that the
amount of oxidized Fe in HP samples remains below the
values predicted by the oxygen contents of the samples, even
when presence of oxidized Fe�� is assumed. In order to do



TABLE 3
Hyper5ne Parameters Obtained from the Fittings of the 300 K Antiferromagnetic MoK ssbauer Spectra

Intensities (%) Internal "elds (T)

R � I�
�

I
�

I
��

I
��

B
�

B
�

B
��

B
��

Nd 0.01 94(2) * 5.6(3) * 33.45(4) * 12.2(2) *

Eu 0.02 88(4) 2.21(5) 4.7(5) 4.6(6) 36.5(1) 49.6(3) 17.6(2) 21.4(2)
Y(HP) 0.16 91(4) * 9.6(8) * 31.4(1) * 17.9(2) *

Yb 0.00 94(4) * 6(1) * 39.9(1) * 16.4(4) *

Yb(HP) 0.16 86(3) 7.1(5) 4.1(5) 3.0(6) 36.80(3) 49.6(1) 19.7(3) 27.1(2)
Lu 0.01 87(4) 3.6(5) 5.5(5) 3.5(5) 39.93(7) 49.1(2) 20.8(3) 26.2(2)
Lu(HP) 0.36 76(3) 19.1(6) 5.0(6) * 35.00(7) 49.73(4) 18.6(2) *

Isomer shifts (mm/s) Quadrupole coupling constants (mm/s)

R � S
�

S
�

S
��

S
��

eQ<�
��

eQ<�
��

eQ<��
��

eQ<��
��

Nd 0.01 0.351(4) * !0.29(3) * !0.4(1) * !0.94(8) *

Eu 0.02 0.264(4) 0.51(4) !0.44(3) !0.04(2) !0.11(2) !0.9(2) !0.25(9) !0.80(9)
Y(HP) 0.16 0.276(8) * !0.33(3) * !0.27(3) * !1.59(9) *

Yb 0.00 0.249(5) * !0.06(4) * !0.08(2) * !0.5(2) *

Yb(HP) 0.16 0.249(3) 0.32(2) !0.29(3) !0.50(3) !0.23(1) !0.12(6) !1.9(1) !1.8(1)
Lu 0.01 0.247(3) 0.11(2) !0.55(4) !0.06(3) !0.15(1) !0.6(1) !1.3(1) !0.7(1)
Lu(HP) 0.36 0.236(6) 0.296(6) !0.02(3) * !0.25(2) !0.09(3) !0.8(1) *

Note. From the normal-pressure samples the &&NP'' notation is omitted.
aIncludes satellite intensity (when present).
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this we will infer a partial oxidation of Cu�� to Cu��. The
discrepancy between the value of � and the total intensity of
six-coordinated Fe in HP samples is clearly visible e. g. for
the two spectra of Fig. 5. The relative component intensity
corresponding to six-coordinated Fe is smaller for spectrum
(b) than for spectrum (a), although the � value is larger in the
(b) case. Possible small variations in the recoil-free fraction
for the various Fe species is neglected. This approach is
justi"able as we are mainly trying to illustrate the di!erence
between the NP and HP samples, both types of which
exhibit a su$ciently broad variation in the oxygen contents.
Two models were tested. In Model A, the amount of six-
coordinated Fe (i.e. integrated intensity of Components 2,
3a and 3b) is equal to �. In practice, this means that oxygen
"lls with equal probability the site between two Cu atoms,
two Fe atoms, or a Cu atom and an Fe atom. Inherently, it
is assumed that the Cu and Fe atoms populate the transition
metal site at random. This has actually been con"rmed
using convergent-beam-electron di!raction (16). Then ac-
cording to the binomial distribution 50% of the excess
oxygen atoms goes between a Cu atom and a Fe atom, 25%
goes between two Fe atoms and another 25% between two
Cu atoms. Excess oxygen atoms located between two Cu
atoms are not detectable in the MoK ssbauer spectra. On the
other hand, those oxygen atoms, which are located between
two Fe atoms, are detected twice. Hence, on the average the
amount of six-coordinated Fe re#ects the actual value of �.
In Model B every excess oxygen atom is always sand-
wiched between a Cu atom and an Fe atom or between two
Fe atoms but not between two Cu atoms, i.e. only Fe ions
may attract excess oxygen atoms. According to this assump-
tion and the binomial model �

�
of the excess oxygen atoms

are detected twice, predicting a ratio of 

�
between the

number of six-coordinated Fe atoms and the value of �.
In a slightly modi"ed Model B (Model BH) the site be-

tween two Fe atoms is twice as likely to catch an oxygen
atom as compared to the space between a Cu atom and an
Fe atom. In this case the ratio between the number of
six-coordinated Fe atoms and the number of excess oxygen
atoms becomes �

�
.

In Fig. 6 the amount of six-coordinated Fe vs � is present-
ed, as obtained from the "t results of the MoK ssbauer spectra,
Tables 2}4. The predictions of Models A and BH are drawn
as solid lines. Model A adequately describes the situation
for the HP samples while Model BH "ts well to the NP
sample data.
The results of Fig. 6 also help us to understand the Fe

valence as a function of �. Using the experimentally ob-
tained portions of Fe�� and Fe�� from Tables 2}4 an
overall Fe valence in the BaR(Cu

���
Fe

���
)
�
O

��� phase is
readily calculated. The result is presented in Fig. 7. Again
the NP and HP data follow di!erent trends. Assuming the
ordinary integer valence states of R��, Ba��, Cu�� and
O��, then that of Fe should be given by #(3#2�). This
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FIG. 4. �	Fe MoK ssbauer spectra of the paramagnetic BaNd(Cu
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��� samples. Spectrum (a) was recorded for the �"0.25 NP
sample, at 300 K. Spectrum (b) was recorded for the �"0.49 HP sample at
300 K. The components reading from top are: CN"6 Fe�� (Component
2), CN"5 Fe�� (Component 1), and CN"6 Fe�� (Component 3).
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FIG. 5. �	Fe MoK ssbauer spectra of the paramagnetic BaPr(Cu
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����
samples. Spectrum (a) was recorded for the �"0.35 NP

sample at 300 K. Spectrum (b) was recorded for the �"0.45 HP sample at
300 K. The components reading from top are: CN"6 Fe�� (Component
2), CN"5 Fe�� (Component 1), and CN"6 Fe�� (Component 3).
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expression is used for plotting the upper curve of Fig. 7 and
it describes reasonably well the trend for the NP samples.
For the HP samples the valence states of both Cu and Fe
are assumed to depend on �. The natural choice, based on
the distribution of excess oxygen is #(2#�) and
#(3#�), for the valence states of Cu and Fe, respectively.
The lower curve of Fig. 7 illustrates the situation for the Fe
atoms. Again a reasonable agreement is obtained, although
a detailed description would perhaps require a more re"ned
model.
As the MoK ssbauer spectra revealed presence of AF order-

ing for all deoxygenatedNP samples at 300 K, the transition
from the paramagnetic to the AF state could not be ob-
served in the 5}300 K SQUID data. Some samples were
thus measured in the 300}600 K interval using a magnetic-
balance apparatus in order to "nd the NeH el temperature ¹

�
.

It turned, however, out that some of the oxygenated Pr
samples did not exhibit a clear transition in the expected
region. This is in accordance with earlier reports (4). There
may be several reasons for this. First of all the transition
region from AF to P is wide. At 300 K e.g. the �"0.40
sample is AF, but with extremely broadened lines. The
temperature had to be increased up to 355 K before the
magnetic features disappeared. Furthermore, the Pr�� ion
has a large magnetic moment, which gives a strong para-
magnetic background to the susceptibility curves and ham-
pers the detection of the ordering of the Fe spins. Neutron
data on the Pr phase also indicates that the magnetic order-
ing of the oxygenated phase is of rather short range (4). In
Table 5, the dependence of ¹

�
for the Pr-based samples, as

estimated from the MoK ssbauer data, in terms of � is present-
ed. For the NP samples the ¹

�
vs � relation is decreasing

practically linearly. Again the HP samples behave di!erent-
ly, by exhibiting substantially higher ¹

�
values, Table 5.

This di!erence in the ¹
�

value between HP and NP
samples is in accordance with the general "ndings of the
MoK ssbauer analysis. As high-pressure heat treatment fa-
vored the formation of high-spin six-coordinated Fe�� on
the expense of high-spin Fe��, the AF coupling is only
slightly a!ected when oxygen enters the lattice. Normal-
pressure oxygenation, on the other hand, leads to the forma-
tion of substantial amounts of six-coordinated Fe�� with
a spin of �

�
. This is less than that of high-spin Fe�� (spin"

�
�
). A diminished spin presumably weakens the AF coupling,



TABLE 4
Hyper5ne Parameters Obtained from the Fittings of the 300 K Paramagnetic MoK ssbauer Spectra

R � I
�
(%) I

�
(%) I

�
(%) S

�
S
�

S
�

eQ<�
��

eQ<�
��

eQ<�
��

Pr 0.35 42(2) 25(2) 33(2) 0.319(4) 0.30(1) !0.015(5) 0.79(2) 1.90(3) 1.31(1)
Pr(HP)� 0.40 53(3) 29(2) 18(3) 0.25(1) 0.24(2) !0.03(3) 0.58(3) 1.88(7) 1.0(1)
Pr(HP)� 0.45 48(2) 28(1) 24(2) 0.296(6) 0.30(1) !0.013(6) 0.69(1) 1.75(3) 1.19(1)
Nd 0.20 60.7(9) 21(1) 19(1) 0.301(3) 0.278(8) !0.005(6) 0.502(8) 1.87(3) 1.19(3)
Nd 0.25 60(2) 19(1) 21(1) 0.302(2) 0.280(8) !0.003(4) 0.510(7) 1.79(3) 1.19(2)
Nd(HP) 0.49 50(2) 28(1) 22(2) 0.304(3) 0.306(6) !0.008(5) 0.636(8) 1.74(2) 1.22(1)
Lu(HP)	 0.36 77(2) 11(1) 12(1) 0.235(4) 0.41(1) !0.16(2) 0.50(1) 0.92(6) 0.29(7)

Note. The unit of S and eQ<
��
is mm/s. Unless indicated otherwise ¹"300 K'¹

�
. From the normal-pressure samples the &&NP'' notation is omitted

aMeasured at 355 K
bMeasured at 310 K
cMeasured at 380 K.
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which explains the lower ¹
�
values of the NP samples as

compared to the HP samples.

4. DISCUSSION

Generally speaking, the presence of a certain amount of
Cu�� in the HP samples is a direct consequence of the fact
that most of the HP MoK ssbauer spectra exhibit substantial
amounts of six-coordinated Fe��. In other words, upon
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FIG. 6. Portion of six-coordinated Fe vs �, as obtained from the
analysis of the MoK ssbauer spectra. Filled and open symbols denote normal
(NP) and high-pressure (HP) samples, respectively. Dot-centered data
points indicate 300 K data. The three square-centered data points were
obtained from paramagnetic spectra measured at elevated temperatures,
see Table 4. The maximal statistical error is given as an error bar on one of
the data points. The theoretical lines illustrate that the portion of six-
coordinated Fe depends on the excess oxygen content as f (�)"3�/2 or
f (�)"�, for NP and HP samples, respectively.
increasing the coordination number of Fe without increas-
ing its valence, another cation must increase its valence to
ensure charge neutrality. In the AF MoK ssbauer spectra the
up to K55 T "eld and the, in some cases, excellent distinc-
tion from the other components makes the assignment of
the conspicuous Component 2 (CN 6 Fe��) unambiguous,
see e.g. the spectra of Fig. 1. It is therefore hardly surprising
that Component 2 is absent from most of the NP spectra. In
previous works dealing with NP samples Component 2 was
not reported (2}4, 15) In line with this, in our previous
V
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FIG. 7. Average valence of Fe vs �, as obtained from the analysis of the
MoK ssbauer spectra. Filled and open symbols denote NP and HP samples,
respectively. Dot-centered data points indicate 300 K data. The three
square-centered data points were obtained from paramagnetic spectra
measured at elevated temperatures, see Table 4. The maximal statistical
error is given as an error bar on one of the data points.



TABLE 5
NeH el Temperature of the BaPr(Cu0.5Fe0.5)2O5�� Samples

Synthesis cond. � ¹
�
(K)

NP 0.03 350$20
NP 0.20 295$50
NP 0.35 280$5�

HP 0.40 360$10
HP 0.45 310$50

aObtained by SQUID measurement
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studies a maximum Component 2 intensity of +22 % was
obtained for a HP sample (5, 9). On the other hand, Compo-
nents 3a and/or 3b are observed in all AF spectra with
�'0, as shown by Tables 2 and 3. The total intensity of
Components 3a and 3b is therefore an interesting para-
meter, as it re#ects the amount of oxidized Fe. The actual
hyper"ne parameters are less important and the rather
scattered isomer shift values should not be used for drawing
too far-reaching conclusions. It is enough that the internal
"eld values of Components 3a and 3b clearly separates them
from Components 1 and 2.
The origin of the two oxidized Fe species in the MoK s-

sbauer spectra is somewhat uncertain. Possibly one of them
could represent Fe
� instead of Fe��. This would give
a better agreement between the results of the low-� MoK s-
sbauer spectra and the oxygen content analysis. However,
for the HP samples even higher amounts of Cu would have
to reside in the Cu�� state.
The change of the crystal c-axis length as a function of

� in ordered perovskite structures depends on the choice of
transition metal. Thus in the Cu-based triple-perovskite
(YBa

�
Cu

�
O

�
) a shrinkage is observed upon oxygen

loading (17), whereas the opposite is true for the Fe-based
version (YBa

�
Fe

�
O

�
) (18). The fact that the c-axis in the

present system decreases (Table (1)) as a function of � is
therefore dictated by the Cu atoms. In contrast, oxygen
loading of the Cu-free 0112 phase causes an expansion of the
c-axis (11).

5. CONCLUSIONS

The BaR(Cu
���

Fe
���

)
�
O

��� double-perovskite structure
is stabilized for all R ionic radius ranging from 0.977 to
1.126 As . Using normal-pressure synthesis the amount of
excess oxygen �, remained close to zero in samples with
R"Lu, Yb, Y, Eu and Sm while for R"Nd and Pr
substantial amounts of excess oxygen entered the structure
upon normal-pressure oxygenation. When oxygen entered
the structure at normal pressure the valence of Fe�� (elec-
tron spin �
�
) was found to be raised to Fe�� (electron spin �

�
),

thus weakening the AF coupling. After high-pressure heat
treatments a portion of the Cu�� species was oxidized to
Cu��, while a portion of the "ve-coordinated Fe�� simply
became six-coordinated Fe��. Therefore the AF coupling of
the HP samples was less a!ected. This accounts for the
higher ¹

�
values found in these samples as compared to

those of the NP samples.
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