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Structural, magnetic, and Mössbauer studies of the PrBaCuFeO51y compound
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We studied the structure and the magnetic properties of the oxygen deficient perovskite PrBaCuFeO51y as
a function of the removable oxygeny. The average crystal structure was refined from x-ray and neutron
powder diffraction data which both confirm the presence of the additional oxygeny in the Pr layer. Long-range
three-dimensional~3D! antiferromagnetism withT

N
538065 K was observed for they'0 sample and all the

magnetic peaks could be indexed on two propagation vectorsk15@
1
2
1
2
1
2] andk25@

1
2
1
21] from 300 to 2 K. The

oxygenated sampley'0.5 does not display magnetic reflections down to 2 K. The Mo¨ssbauer spectra of this
sample display magnetic hyperfine spitting below 70 K which is attributed to spin freezing in random orien-
tations. The hyperfine parameters of they'0 sample reveal two ferric iron sites (S55/2) while the oxygen-
ated sample displays an additional iron site with higher valence.@S0163-1829~97!09101-7#
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I. INTRODUCTION

Compounds with perovskite structure that are structur
and electronically related to the high-Tc superconductors
present great interest. One of these compounds
RBaCuFeO51y (R5rare earth and Y!. This oxide was found
to consist of@CuFeO10# ` bilayers of corner-sharing CuO5
and FeO5 square pyramids~Fig. 1!. R

31 layers~coordination
number 8! separate the@CuFeO10# bilayers and accommo
date the oxygen vacancies, while the Ba21 ions ~coordina-
tion number 12! are located within the bilayer spacing, rem
niscent of the YBa2Cu3O61y structure.

In an earlier work1 in order to fit the room temperatur
~RT! YBaCuFeO5 Mössbauer spectrum two crystallograph
cally distinct Fe31 sites were assumed. This assumption
them to choose the space groupP4mm in order to analyze
the neutron powder diffraction~NPD! data. Moreover, a
single crystal structural study by Vougheyet al.2 showed,
after analysis of the data collected (hkl and h̄k̄l̄ ), that the
compound isacentric with no observable systematic ab
sences. Raman and IR spectra3 for the same compound con
firmed the acentric character of the unit cell. Mo¨ssbauer
spectra,4,5 at least for the YBaCuFeO5 compound, have
shown that the initial assertion1 for two different sites~with
relative intensities 38% and 62%! must be re-examined
Crystal chemistry arguments foretell that Fe and Cu sho
occupy the 1b1(z50.27) and 1b2(z50.7) sites, respec
tively. Cu21 prefers the severely elongated square pyram
while the FeO5 square pyramid is somewhat squashed.6

The magnetic properties of YBaCuFeO51y appear to be
extremely complicated. Mo¨ssbauer and neutron diffractio
data revealed an antiferromagnetic ordering transition
TN5446 K. Moreover, the NPD data showed a magne
phase transition at 200 K, where satellite peaks app
abruptly on either sides of the@ 1

2
1
2
1
2] magnetic reflection.

7–9

In addition to the satellite peaks, a very small peak inde
as (12

1
2 1) exists below 230 K whose intensity increases w

decreasing temperature.9
550163-1829/97/55~1!/397~12!/$10.00
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In the case of YBaCuCoO5, Huanget al.
10 have shown

that the crystal structure has the symmetry of theP4/mmm
space group witha53.8679(1) Å andc57.5674(2) Å.
Copper and cobalt atoms are completely disordered in
compound and the oxygen vacancies are located within
yttrium layer. The magnetic structure can be described w
propagation vectork5@ 1

2
1
2
1
2], TN5536 K and a magnetic

moment parallel to thec axis.
In a previous work5 we have studied theRBaCuFeO5 se-

ries (R5Y, Nd, Sm, Gd, Dy, Tm, Lu!. One series of sample
(A series! was prepared by quenching from 980 °C and a

FIG. 1. Crystal structure of the PrBaCuFeO51y compound.
397 © 1997 The American Physical Society
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other one (B series! was produced after deoxygenation of t
A series. Heating theA series samples in an Ar atmosphe
showed a weight loss that we attributed to the remova
additional oxygen within the rare earth layer. It was observ
that the larger the rare earth ion, the more the weight~oxy-
gen! loss and the increase inTN upon deoxygenation. The
A-series samples correspond to the as-prepared Pr sa
studied in the present work, while theB-series samples cor
respond to the oxygen reduced Pr sample.

We present in this paper a detailed study of the Pr co
pound which, due to the large ionic radius of Pr, is expec
to have a largery value and thereby the differences in th
magnetic properties as a function of oxygen should be m
pronounced. The La-based compound crystallizes in
Pm3m space group due to disorder between La and Ba~their
ionic radii are similar! and so Pr is the largest rare earth f
which the double perovskite unit cell is preserved. As it w
be seen in this work, oxygen saturated samples
PrBaCuFeO51y do not show any long-range magnetic ord
Similar behavior has been observed7 in the neutron diffrac-
tion patterns of the NdBaCuFeO51y compound.

We have studied the PrBaCuFeO51y compound using
neutron, x-ray powder diffraction and Mo¨ssbauer spectros
copy data. Our main goal was to resolve the magnetic pr
erties of this system with respect to its oxygen content.

II. EXPERIMENTAL METHODS

PrBaCuFeO51y samples were prepared by thorough
mixing high purity stoichiometric amounts of BaCO3, CuO,
Fe2O3, and Pr6O11. The mixed powders were annealed
O2 at 980 °C for several days with intermediate grinding
Finally, the as-prepared~AP! sample was divided in two
parts for further treatment. The first part—oxygen satura
sample~OS!—was annealed at 980 °C in O2 atmosphere for
two days. The second part—oxygen reduced sample~OR!—
was annealed in Ar atmosphere at 500 °C for two days. B
samples were slowly cooled to RT.

The amount of extra oxygen was determined thermogr
metrically, by heating a small amount of sample in a TG
apparatus~PERKIN ELMER,TGS-2! under flowing argon at
a rate of 5 °C/min up to 900 °C. Then, the sample w
cooled as fast as possible to room temperature. X-ray pow
diffraction ~XRD! data were collected with a D50
SIEMENS diffractometer, using CuKa radiation and a
graphite crystal monochromator, from 4° to 120° in steps
0.03° in 2Q. The power conditions were set at 40 KV/3
mA. The aperture slit as well as the soller slit were set
1°. The neutron powder diffraction experiments were p
formed in the flat-cone diffractometer E2 of the research
actor BERII in Berlin. The~311! reflection of the Ge mono
chromator with wavelengthl51.2 Å and the ~002!
reflection of pyrolytic graphite monochromator with wav
lengthl52.4 Å were used. dc magnetization measureme
were performed in a superconducting quantum interfere
device~SQUID! magnetometer~Quantum Design!. The ab-
sorption Mössbauer spectra were recorded using a conv
tional constant acceleration spectrometer with57Co~Rh!
source moving at RT, while the absorber was kept fixed e
time at the desired temperature. The spectra at tempera
above RT were taken in a furnace with a temperature sta
f
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ity of 0.1 K. The resolution and the calibration of the spe
trometer were made at RT using ana-Fe foil as the absorber
The resolution was determined to beG/250.14 mm/s.

III. THERMOGRAVIMETRIC MEASUREMENTS

Figure 2 shows the TGA trace for the OS sample. T
sample starts to lose oxygen near 335 °C, in close simila
to the 123 compound,11 and at 468 °C it loses almost 1.2%
Then, almost up to 760 °C the rate of oxygen loss is pra
cally negligible. Finally, from 735 °C up to 900 °C it lose
another 0.3%. In order to calculate the amount of extra o
gen we assumed that at the end of this procedure the sa
had exactly five oxygen atoms per unit cell~such as the OR
sample!, that is, PrBaCuFeO5. In this way, the amount of
extra oxygen was estimated to bey'0.4760.02. Similar
TGA trace has also been observed for the AP sample. In
case, the extra oxygen was estimated to bey'0.2660.04.

IV. STRUCTURAL X-RAY AND NEUTRON POWDER
DIFFRACTION STUDY

All the reflections within the resolution of the x-ray dif
fractometer were indexed in a tetragonal unit cell. The f
that no conditions of reflections were observed leads to e
possible space groupsP4/mmm, P4mm, P422, P42m,
P4m2, P4/m, P4, andP4, with P4/mmmbeing the only
centrosymmetric one. The similarity of the x-ray powder p
tern with that of the YBaCuFeO5 compound led us to de
scribe the structure with a similar model. Taking Ba at t
origin (0,0,0), the atomic positions in the case ofP4mmcan
be described in terms of seven parameters:dzPr, zFe, zCu,
dzO1, zO2, zO3, anddzO4. Then the coordinates of the var

ous atoms are Ba at (0,0,0), Pr at (0,0,1
21dzPr), Fe at

~12,
1
2,zFe), Cu at ~ 12,

1
2,zCu), O1 at ~ 12,

1
2,dzO1), O2 at

~12,0,zO2), O3 at ~12,0,zO3), and O4 at~12,
1
2,dzO4). The O4

oxygen was introduced as the only possible solution for
removable oxygen that was observed in the thermograv
etry experiments. The atoms are identified as shown in
1. Therefore, these atomic coordinates together with the
cupancy of the O4 sites and the twenty-four anisotropic te
perature parameters give the whole picture of the struc
~hereafter Model I!.

FIG. 2. The TGA trace for the oxygen saturate
PrBaCuFeO51y compound after heating in flowing Ar up to 900 °
at a rate of 4 °C.
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For the P4/mmm space group, it is zFe5zCu,
zO25zO3, dzO150, dzPr50, and dzO450 ~hereafter
Model II!. A third model ~Model III! was introduced for
YBaCuFeO5 from Caignaertet al.9 Namely, it is the same
with ~Model II! except that,zFeÞzCu. As we will see in the
next section the analysis of the magnetic reflections for
OR sample sets a strong constrain in the structural mode
least for this sample. Therefore, we will discuss the struct
of the OR and OS samples only within models II and III.

The refinement of the XRD patterns was carried out
the BBWS-9006 Rietveld program,12 while for the NPD pat-
terns we used theFULLPROFprogram.13 The refinements ob
tained for the OS and OR samples using NPD data at RT
shown in Fig. 3. The resulting fitting parameters for the XR
and NPD data are given in Tables I and II. The shape of
peaks was assumed to be Pearson VII for the x rays
pseudo-Voigt for the neutrons. The background was refi
together with the structure for the x rays, while for the ne
trons it was estimated by interpolation between regions
the profile where no reflections were observed. In orde
compare the results of models II and III we used the sa
isotropic thermal parameters. The values obtained from
neutron data refinement are more reliable. In the OR sam
it is worth to mention the increase of theuzFe2zCuu value
with respect to the OS sample. This result is hard to
deduced from the x ray data due to the similarity in t
scattering factors of Cu and Fe.

The quality of the x-ray refinement was appreciab
higher when we introduced the extra oxygen O4 (RB de-
creased from 4.90% to 2.97%). In the case of the neu
data, the improvement due to the introduction of O4 w
dramatic and only then the refinement converged. Moreo
there are several differences in the neutron patterns betw
OS and OR, which originate from the extra O4 oxygen
oms. For example, the peak at 2u520° in the pattern of the
OR sample~Fig. 3! comes implicitly from the oxygen defi
ciency at the O4 sites. From the neutron data the occupa
of O4 oxygen atoms was refined to 0.49~1!, that is in close
agreement with the 0.57~2! value obtained from the x-ray
data. It is remarkable that the refinement of the x-ray data
the AP and OS samples gave occupancies for the O4 a
that are not far from the value deduced from thermograv
etry.

The refinement of the x-ray data showed that model I,
both OR and OS samples, has a slightly lowerRB , but there
is violation of the principle ofminimum assumption.14On the
other hand, the NPD data show that model III, for both O
and OS samples, has a slightly lowerRB and is within the
principle of minimum assumption. Consequently, if we a
cept that the principle ofminimum assumptionplays an im-
portant role and since NPD is more reliable than XRD
determining the correct structure model, then a reason
structural description can be given with model III.

V. MAGNETIC STRUCTURE

Figure 4 shows the neutron diffraction patterns of the
and OR samples at 2 K. For the OS sample no magn
reflection is observed down to 2 K, while for the OR samp
there are two families of peaks in addition to the nucle
ones. Similar behavior with the OS sample was observed
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FIG. 3. Rietveld refinement patterns at RT for the~a! OS and~b!
OR PrBaCuFeO51y samples using neutron powder diffraction da
(l51.221 Å!. The observed intensities are shown by dots and
calculated ones by the solid line. The positions of the Bragg refl
tions are shown by the small vertical lines below the pattern. T
line at the bottom indicates the intensity difference between
experimental and the refined patterns.
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TABLE I. Fractional atomic coordinates, isotropic temperature factors, occupancy factors for the oxygen saturated and the
reduced PrBaCuFeO51y samples using x-ray powder diffraction data. Rietveld refinements were done in the tetragonal
groups P4mm ~model I!, P4/mmm ~model II! and P4/mmm, with zFeÞzCu ~model III!. Atom positions are
Pr(0,0,z), Ba(0,0,0), Fe(1/2,1/2,z), Cu(1/2,1/2,z), O1(1/2,1/2,z), O2(1/2,0,z), O3(1/2,0,z), O4(1/2,1/2,1/2). The occupancy of O
(y) was found to be 0.57~2! and 0 for the OS and OR samples, respectively.

Oxygen saturated Oxygen reduced
a53.9219(1) Åa a53.9260(1) Å
c57.7558(5) Å a57.7669(7) Å

Atom I II III B I II III B
z z z z z z

Ba 0 0 0 0.55~7! 0 0 0 0.70~5!

Pr 0.502~2! 1/2 1/2 0.68~7! 0.507~1! 1/2 1/2 0.36~5!

Fe 0.252~1! 0.2617~5! 0.249~1! 0.50~1! 0.253~1! 0.2620~5! 0.244~1! 0.45~3!

Cu 0.732~1! 0.2617~5! 0.270~1! 0.50~1! 0.734~1! 0.2620~5! 0.272~1! 0.45~3!

O1 0.017~5! 0 0 0 1.3~1! -0.002~6! 0 0 0.6~1!

O2 0.306~4! 0.292~1! 0.292~1! 1.3~1! 0.324~2! 0.302~1! 0.303~1! 0.6~1!

O3 0.725~6! 0. 1.3~1! 0.718~3! 0.6~1!

O4 1/2 1/2 1/2 1.3~1! 1/2 1/2 1/2 0.6~1!

Rp 5.05 5.07 5.01 5.90 5.97 5.79
Rwp 7.69 7.71 7.69 7.35 7.42 7.30
RB 2.97 3.02 3.06 4.31 4.48 4.54

aFor the AP sample the cell constants area53.9234 Å andc57.7622 Å.
t
te
an

in-

-

the as-prepared NdBaCuFeO51y compound, whereyÞ0.7

The same peaks exist in the NPD pattern at RT, but no
the XRD pattern for the same sample, and since their in
sity decreases with increasing temperature these peaks c
attributed to magnetic long-range order.
in
n-
be

The magnetic peaks can be indexed with superlattice
dices (h1/2,k1/2,l 1/2) and (h2/2,k2/2,l 2), where h1 , k1 ,
h2 , k2 , l 1 , l 2 are odd integers. The first family of mag
netic reflections with indices (h1/2,k1/2,l 1/2) comes from a
spin arrangement with propagation vectork15@ 1

2,
1
2,

1
2]. The

half-integer indices imply thatS(R1c)52S(R) and
reduced
groups

4

e lattice
e neutron
TABLE II. Fractional atomic coordinates, isotropic temperature factors, occupancy factors for the oxygen saturated and oxygen
PrBaCuFeO51y samples using neutron powder diffraction data. Rietveld refinements were done in the tetragonal space
P4mm ~model I!, P4/mmm ~model II! and P4/mmm with zFeÞzCu ~model III!. Atom positions are
Pr(0,0,z), Ba(0,0,0), Fe(1/2,1/2,z), Cu(1/2,1/2,z), O1(1/2,1/2,z), O2(1/2,0,z), O3(1/2,0,z), O4(1/2,1/2,1/2). The occupancy of O
(y) was found to be 0.49~1! and 0.04~1! for the OS and OR samples, respectively.

Oxygen saturated Oxygen reduced
a53.9219 Åa a53.9260 Å
c57.7558 Å a57.7669 Å

Atom I II III B I II III B
z z z z z z

Ba 0 0 0 0.58~6! 0 0 0 0.78~5!

Pr 0.494~2! 1/2 1/2 0.58~6! 0.496~3! 1/2 1/2 0.37~5!

Fe 0.255~4! 0.2580~3! 0.254~2! 0.53~4! 0.246~2! 0.2596~3! 0.2448~6! 0.18~2!

Cu 0.741~4! 0.2580~3! 0.262~3! 0.53~4! 0.728~2! 0.2596~3! 0.2770~7! 0.18~2!

O1 -0.011~5! 0 0 0 1.2~2! -0.008~4! 0 0 1.1~1!

O2 0.280~5! 0.2915~3! 0.2915~3! 1.8~1! 0.292~3! 0.3040~5! 0.3047~1! 0.9~1!

O3 0.698~6! - - 1.8~1! 0.684~3! - - 0.9
O4 0.49~1! 1/2 1/2 0.4~3! - 1/2 1/2 0.9

Rp 4.18 4.21 4.13 4.96 5.04 4.56
Rwp 5.30 5.39 5.28 6.31 6.26 5.82
RB 6.48 6.25 6.22 5.49 6.71 4.75

aDue to possible errors in the neutron wavelength, which is the largest source of the absolute error in the determination of th
parameters, we kept the cell constants equal to those determined from the x rays and refined only the zero position and th
wavelength.
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S(R1a)52S(R) @or S(R)5exp(ik1–R)S(0)#, whereR is a
lattice vector andS(R), S(0) are the magnetic moments
the lattice sitesR and0, respectively. The second family o
magnetic reflections with indices (h2/2,k2/2,l 2) comes from
a spin arrangement with propagation vectork25@ 1

2,
1
2,1],

which implies thatS(R1c)5S(R) andS(R1a)52S(R).
According to the above remarks three are the possible
didate collinear magnetic models fork1 and only one for
k2. These models are illustrated in Fig. 5.

Since the half-integer and integer Bragg reflections co
spond to separate Fourier components they can be tre
separately. We may then solve the components of the

FIG. 4. Rietveld refinement patterns at 2 K for the ~a! OS and
~b! OR PrBaCuFeO5 samples using neutron powder diffraction da
(l52.41 Å!. The observed intensities are shown with dots and
calculated ones with the solid line. The solid line across the m
netic peaks of the OR sample is calculated by using the intens
of Table III and by assuming the same profile and scale factor a
the nuclear peaks.
n-

-
ted
in

structure for the two types of reflections separately. The
served reflections can be interpreted with two models:~a! an
incoherent mixture of domainswith different propagation
vectors and with the same ordered moment, but occupy
different volumes and~b! a canted modelwhich is the vector
sum of two collinear magnetic structures with different o
dered magnetic moments but occupying the same volum15

The integrated intensity of a magnetic reflection for a coll
ear magnetic structure in a NPD pattern can be written a

I ~hkl!5
I 0

yom
2

1

sinusin2u
m^12~ q̂• ŝ!2&$hkl%uF~hkl!u2,

~1!

where I 0 is the scale factor,y0m is the volume of the mag-
netic unit cell,u is the Bragg angle andm is the multiplicity
of the planehkl. The term^12(q̂• ŝ2&$hkl% is an average ove
all the equivalent$hkl% reflections,q̂ is the unit vector along
the scattering vector,ŝ is the unit vector along the axis of th
colinear magnetic structure andF(hkl) is the magnetic
structure factor. From NPD data in a magnetic structure w
tetragonal configuration symmetry we can calculate only
magnitude of the magnetic moment and the angle with
tetragonal axis. Taking into account the above remarks,
magnetic structure factor for a magnetic unit cell with co
stantsaM5bM5A2aN , cM52cN which correspond to the
k1 is

F~hkl!5~12ep i ~h1k!!~12ep i l !~pAe
2p i lz1ep i l pBe

22p i lz!,
~2!

where pj5(occupancy)3(0.269310212cm/m B)3Sj3 f j
3exp(2Wj), Sj is the average ordered magnetic moment~in
Bohr magnetonsmB) for the j th atom in the j layer
( j5A,B), f j is the magnetic form factor16 for the magnetic
ion at thej th layer andWj is the Debye-Waller factor for the
j th atom. Similarly, the structure factor for the reflectio

e
-
es
or
c-

up,
FIG. 5. The possible collinear magnetic stru
tures for thek1 andk2 propagation vectors. Filled
and open circles represent spin down and spin
respectively.
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which correspond to thek2 propagation vector supposing
magnetic unit cell with cell constant
aM5bM5A2aN , cM5cN is

F~hkl!5~12ep i ~h1k!!~pAe
2p i lzA1pBe

22p i lzB!. ~3!

For k2 the absence of the magnetic Bragg peak withl50
implies that the summation of the spins of two adjacent l
ers is zero which means that the magnetic moment of th
layers is of equal magnitude but in opposite directio
(pA52pB). This fact can be realized only if the layersA
andB are equivalent. ConsequentlyzB512zA and the struc-
ture factor takes the final form

F~hkl!5~12ep i ~h1k!!2ipAsin~2p lz!. ~4!

Since we have a large number of parameters and a s
number of magnetic reflections it would be difficult to ado
two kinds of magnetic ions having different moments. F
this reason we considered that the magnetic ions occupy
z50.25 position and that they are represented by a m
magnetic moment. With this simplification, basically we u
the structural description based on model II in order to a
lyze the magnetic reflections. On the other hand, we m

TABLE III. Comparison between the observedI obs and the cal-
culatedI calc integrated intensities of the observed magnetic refl
tions for the OR PrBaCuFeO5 compound at 4.2 K within the cante
model. Fe31 and Cu21 are occupying the site withz50.25. The
I obs were extracted from the experimental data by using as p
shape function the same with the one used for the nuclear stru
analysis. TheI cal were calculated by using Eq.~1!.

k15@
1
2
1
2
1
2]

hkl Iobs ~arb. units! I cal(S'c) I cal(Sic) I cal(S)

1
2
1
2
1
2 996610 708 1084 958

1
2
1
2
3
2 320610 484 280 336

1
2
1
2
5
2 96610 208 56 100

S1x
a 1.45~1! 0.0 0.7~1!

S1z 0.0 1.41~1! 1.18~1!

S1
b 1.45~2! 1.41~1! 1.41~1!

RB 40% 11% 2%

k25@
1
2
1
21#

hkl Iobs I cal(S'c) I cal(Sic) I cal(S)

1
2
1
21 140465 1384 1372

3
2
1
21 47265 412 688

1
2
1
23 38465 332 64
S2x 1.53~2! 0.0
S2z 0.0 1.53~2!

S2
c 1.53~2! 1.53~2!

RB 5.6% 25%

aDue to the tetragonal configuration symmetry we suppose
Sab is along thex and y axis for the propagation vectorsk1 and
k2, respectively.
bS15AS1x2 1S1z

2 ~ordered moment per ion for thek1 magnetic struc-
ture!.
cS25AS2x2 1S2z

2 ~ordered moment per ion for thek2 magnetic struc-
ture!.
-
se
s

all
t
r
he
an

-
st

note that there might be an error in the estimation of t
mean magnetic moment, but the small contribution of t
Cu21 moment does not alter appreciably the final result.
determine the magnetic structure, integrated intensity d
from various reflections were compared to those calcula
from several spin models. Finally in Table III we summari
the results of the analysis of the magnetic reflections.

A. Analyses of the k1 propagation vectors peaks

For the magnetic structure that is described byk1 there
are two possibilitiespA5pB or pA52pB . The difference in
the calculated patterns between the two models is neglig
@because according to Eq.~2! for z' 1

4, F2}4pA
2sin2(p/4) or

F2}4pA
2cos2(p/4) for pA5pB or pA52pB , respectively#,

so we cannot distinguish between them. The calculation w
the magnetic moment lying in theab plane gave poor agree
ment. A better result was obtained by assuming that the m
netic moment is directed along thec axis. Moreover, if the
magnetic moment had one component along thec axis and
the other in theab plane, the agreement was significant
improved (RM52%). This result can be extracted when w
compare the intensity ratio between the peaks (1/2 1/2 3
and (1/2 1/2 1/2), which depends only on the orientation fa
tor ^12(q̂• ŝ)2&$hkl% and not on the size of the magnetic mo
ment.

B. Analyses of the k2 propagation vectors peaks

The parameters we have to estimate for the magn
structure described withk2 is the size of the magnetic mo
ment and the angle with respect to thec axis. Although we
have only three reflections available, there is a point wh
plays an important role in the determination of the ang
between the magnetic moment and thec axis. If we compare
the calculated and experimental patterns of the partially
solved reflections (3/2 1/2 1) and (1/2 1/2 3)~see Fig. 6!, the
agreement is better with the spins lying in theab plane than
along thec axis.

-
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at

FIG. 6. (32
1
21) and (12

1
23) peaks of the 2 K-NPD pattern of the

OR PrBaCuFeO51y sample. The solid lines were calculated by a
suming thatS'c andSic axis, respectively.



e

re
he

l a

r

F
th
rr
tri
m
r.
is

t

and
f

ing

s
d
Fe

le

rve
he
tting
ion

e
-

il

n

e
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Based on the above arguments, for the canted magn
structure model the ordered magnetic moments per ion
2 K are estimated to beS@k1#51.34 mB @S(k1)
50.7x̂11.18ẑ# and S@k2#51.57ŷ mB . The same analysis
can be applied at 100, 200, and 300 K, yieldingS@k1#
5$1.27, 1.09, 0.75% mB and S@k2#5$1.53, 1.43, 1.17%
mB , respectively. For the model with the incoherent mixtu
of domains with the two propagation vectors having t
same ordered moment (S'2mB), the two domainsk1 and
k2 occupy 41% and 59% of the total volume of the crysta
2 K, respectively.

VI. MAGNETIZATION MEASUREMENTS

Figure 7~a! shows thex vs T curve of the OS sample fo
an applied field of 1 kG. The zero field cooling~ZFC! mea-
surement exhibits a change in the slope at 7365 K, while the
field-cooling ~FC! branch does not coincide with the Z
branch below this temperature. This kind of anomaly, as
NPD data have shown, does not correspond to an antife
magnetic long-range order. Such an anomaly can be at
uted to the freezing of the magnetic moments in the ti
scale of the measurement with the SQUID magnetomete

The data were analyzed using the modified Curie-We
equationx5C/(T2Q)1x0 with C being given by the re-
lation C5meff

2 N/3kB , whereN is the number of magnetic
ions per unit volume,meff is the effective magnetic momen
andkB is the Boltzman constant. For the OS sample,N53

FIG. 7. Temperature dependence of the magnetic susceptib
for the ~a! OS and~b! OR PrBaCuFeO51y sample in both zero field
and field cooling modes. The measurements were performed i
applied magnetic field of 1 kG.
tic
at

t

e
o-
b-
e

s

~Cu, Fe, and Pr!. The parametersx0 ,C, andQ were deter-
mined by a least-squares fitting in the range 73–300 K
for H51 kG. From the estimated value o
C50.05760.001 emu cm23O” e21K21, we calculated the ef-
fective magnetic momentmeff53.32mB per magnetic ion and
Q'222 K. The negative value ofQ indicates antiferromag-
netic correlations between the magnetic moments. Assum
that Fe hasS55/2, Cu hasS51/2 and that for Pr31 it is
J54, L55, S51, the effective magnetic moment i
meff53.70 mB per ion, that is very close to the observe
value. The difference may come from the fact that not all
ions haveS55/2 ~e.g., Fe51 hasS53/2).

The magnetic susceptibility curve for the OR samp
~from 4.2 to 350 K! is shown in Fig. 7~b!. Because of the
limitations of our magnetometer we were not able to obse
the antiferromagnetic transition which, according to t
Mössbauer results, occurs near 380 K. Least-squares fi
in the range 5–200 K gives for the paramagnetic contribut
a meff53.18 mB per magnetic ion andQ5220 K. For this
caseN51 ~Pr!, since Cu and Fe do not contribute to th
paramagnetic moment~they are antiferromagnetically or
dered!. The value of meff is close to that of
Pr13@J54, L55, S51, meff(Pr

13)5gAJ(J11)53.58#.

ity

an

FIG. 8. Mössbauer spectra for the OR sample (y'0) at 433 K,
for the AP sample (y'0.26) at RT and for the OS sampl
(y'0.5) at RT.
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404 55M. PISSASet al.
This result supports the exclusion of the Pr sublattice fr
the analysis of the magnetic reflections for the OR samp

VII. MÖ SSBAUER SPECTRA

Figure 8 shows the RT Mo¨ssbauer spectra of the OS, A
samples and the 433 K spectrum of the OR sample in
paramagnetic region, whereas the 4.2 K spectra are show
Fig. 9. The parameters obtained from the least-squares fi
all the samples are listed in Table IV.

The 433 K spectrum of the OR sample was analyzed w
two components, namelyA andB ~for labelling see Table
IV !. Their isomer shift values are typical of Fe31 in the high
spin state (S55/2). The presence of two components in t
spectra is unexpected since our structural model cont
only one crystallographic position for Fe. An account for t
occurrence of two sites will be given in the discussion s
tion. As the temperature is lowered, near 380 K the t
doublets start to collapse and in this way theTN for the OR
sample is estimated asTN538065 K. The RT spectrum of
the OR sample exhibits an inhomogeneous broadening
as in the case of the YBaCuFeO5 compound or the othe
members of theRBaCuFeO5 series.

5,4 At 4.2 K the spectrum
consists of two components whose linewidth is close to
instrumental resolution (G/2'0.14 mm/s!. A small inhomo-
geneous broadening is present and can be described phe
enologically with a Lorentzian distribution of the hyperfin

FIG. 9. Mössbauer spectra for the OR (y'0), AP (y'0.26),
and OS (y'0.5) PrBaCuFeO51y samples at 4.2 K.
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field. The hyperfine field values for both sites confirm t
identification of ferric iron in the high spin state.

The principal axis of the electric field gradient tensor
along thec axis and supposing thath50 ~an assumption
supported by the tetragonal symmetry! and thatq5Vzz/e is
positive ~as indicated from point charge calculation ofVzz),
we can deduce the angle between the iron magnetic mom
^S& and thec axis from the values ofe at 433 K and 4.2 K
~for both componentsA andB). The result isuA560°62°
anduB561°62°, that isuA'uB .

The spectra of the OS sample appear to be more com
cated. The RT spectrum shows an asymmetry, while
4.2 K spectrum was adequately fitted with three sextets.
first two have magnetic hyperfine fields and isomer sh
that are both indicative of ferric iron in the high sp
(S55/2) state. The third sextet withH;316 kG and
d50.07 mm/s, nonexistent in the spectrum of the O
sample, can be related to the extra oxygen that is inserte
the unit cell as judged from its relative spectral ar
(45%65%) and the occupancy of the O4 (x'0.5). Based
on the 4.2 K spectrum we fitted the paramagnetic RT sp
trum with three doublets.

Spectra were also taken at 40, 70, and 100 K, in orde
see the effect of the susceptibility anomaly near 70 K to
Mössbauer spectra. At 70 K~Fig. 10! we observed a broad
unresolved spectrum which could originate from a distrib
tion, or relaxation of hyperfine magnetic field, while at 10
K the spectrum is paramagnetic. At 40 K the spectrum is j
like the one at 4.2 K. Therefore, the Mo¨ssbauer spectra fol
low closely the susceptibility anomaly at 70 K.

The AP sample is expected to represent an intermed
situation between the OR and OS samples. Indeed, we
serve an increase in the intensity of component A with
spect to the OS sample. At 4.2 K all three components
magnetically split. The relative area of theC component is
related to the extra oxygen if we take into consideration
amount of the extra oxygen, which isx50.26 for this
sample.

VIII. DISCUSSION

Before discussing the crystal chemistry of PrBaCuFeO5,
we would like to notice that the positions for Cu, Fe, a
O~2! in the OS sample obtained from x-ray and neutron d
fraction data are averaged over several oxygen coordina
numbers. The observed coordination polyhedron around
and Fe is an average over microscopic configurations
pending on whether the O4 site is occupied or not.

Let us now discuss the changes that are caused in the
cell by the removal of oxygen and try to connect them w
the differences in the calculated bond valence sums~BVS!.
We have calculated the bond valence sums for the var
atoms in the PrBaCuFeO51y structure using the relation
Vi5( jexp@(ro2rij)/B# where the sum is over all the neare
neighbors, B50.37, r o(Fe

312O22)51.759, r o(Cu
21

2O22)51.679, r o(Cu
312O22)51.730, r o(Ba

21

2O22)52.285,r o(Pr
312O22)52.138 andr i j is the bond

length between thei and j ions.17 The BVS calculations
were performed for the case of models II and III using t
cation-oxygen distances that were deduced from the refi
ment of NPD patterns. The results are nearly identical,
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TABLE IV. Experimental values of the half linewidthG/2 in mm/s, the isomer shiftd relative to metallic
Fe at RT in mm/s, the quadrupole shift« in mm/s, the hyperfine magnetic fieldH in kG, the HWHMDH of
the hyperfine magnetic field Lorentzian distribution which modulates the line widths, as obtained
least-squares fits of the Mo¨ssbauer spectra of the OS, AP, and OR PrBaCuFeO51y samples.« denotes the
eigenvalues of the Hamiltonian of the quadrupole interaction or of the quadrupole perturbation that are
by the relations«5(1/4)e2qQ(11h2/3)1/2 and«5(1/8)e2qQ(3cos2u211h sin2u cos2f) for the paramag-
netic and the magnetic case, respectively.Ai is the relative intensity. The numbers in parentheses are
mated standard deviations referring to the last significant digit.

T Site G/2 d e H DH Ai

OR y'0

433 A 0.16~1! 0.219~1! 0.110~1! 83~1!

B 0.16~0! 0.241~4! 0.446~4! 17~1!

300 A 0.15 0.311~5! -0.011~4! 322~1! 33~1! 87~5!

B 0.15 0.318 -0.069 298~3! 33~2! 13~5!

4.2 A 0.171~1! 0.430~1! -0.013~1! 515~1! 3~5! 85~4!

B 0.171~1! 0.436~1! -0.069~7! 509~1! 2~3! 15~4!

AP y'0.26

300 A 0.18~1! 0.331~6! 0.128~7! 43~3!

B 0.19~1! 0.35~1! 0.36~1! 25~4!

C 0.19~1! 0.03~1! 0.295~4! 32~3!

4.2 A 0.18 0.409 -0.01 506~1! 6 55~3!

B 0.19 0.384 -0.01 475~1! 9 15~7!

C 0.19~1! 0.01~1! -0.16~5! 346~6! 70~2! 29~11!

OS y'0.5

300 A 0.140~6! 0.295~5! 0.172~5! 23~2!

B 0.172~5! 0.262~8! 0.382~5! 36~3!

C 0.166~4! 0.003~4! 0.304~1! 41~2!

4.2 A 0.18~1! 0.409~5! -0.009~5! 493~1! 5~1! 23~3!

B 0.23~1! 0.384~2! -0.005~9! 465~1! 12~9! 25~7!

C 0.17~1! 0.07~1! 0.00~1! 316~1! 43~1! 52~7!
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the two models, except of course for Cu and Fe, since
cording to model II they occupy the same site, but accord
to model III they have differentz’s. The results of the BVS
calculations together with the cation-oxygen distances
listed in Table V.

FIG. 10. Mössbauer spectra for the OS (y'0.5)
PrBaCuFeO51y sample at 70 K.
c-
g

re

As oxygen is removed from the system the various ato
rearrange themselves in the unit cell. The O~2! atoms move
towards the Pr layer~by ;0.05 Å! and in this way balance
out the removal of the O~4! atoms, so that no change
observed in the Pr BVS. For Pr, the 31 value means that P
is well suited in its cage for both samples~OS and OR!. The
Ba atoms do not have any O~4! neighbors to account for the
movement of the O~2! atoms, and so the oxygen remov
causes a valence change from 2.25~OS! to 2.05 ~OR!. We
can deduce from these values that, for the OS sample, B
under stress that is relieved by the removal of the O~4! at-
oms. For Cu atoms, we observe a spectacular change in
BVS values from 2.80~OR! to 2.10~OS! regardless of the
structural model. These values imply that for the OS sam
most of the copper (;80%! is trivalent, while for the OR
sample all Cu is practically divalent. The 31 valence of
copper in the case of model II can be explained by the f
that Cu shares with Fe the same site. However, regard
model III, we believe that it just comes from the disorder
Cu and Fe in more or less the samez. The important thing
about these BVS calculations is that for either models~II and
III !, the average valence of the~Cu,Fe! atom is 31 for the
OS sample, which assuming copper to be divalent imp
that, in average, Fe is tetravalent, in accordance to the a
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age Fe valence deduced from Mo¨ssbauer spectroscopy. Als
for the OR sample it should be noted that the average
lence of the~Cu, Fe! atom is approximately 2.51, which
assuming copper to be divalent implies again that, in av
age, Fe is trivalent, in accordance to the Mo¨ssbauer results a
well.

As in YBaCuFeO5, it is Fe-O1,Fe-O2 ~model III! and
the values are practically the same. The average Pr-O
tances are 2.59 and 2.49 Å for the OS and OR samp
respectively. In PrBa2Cu3O72y the corresponding values ar
2.45 Å for y50 ~that is 0.04 Å shorter than expected, pr
vided ‘‘normal’’ Pr123 is on a straight line in theR-O vs
ionic radius plot! and 2.48 Å for y51. Unlike
PrBa2Cu3O72y , in the present compound the Pr-O bo
length decreases upon removing oxygen. In PrFeO3 the av-
erage Pr-O distance is 2.54 Å .18

According to the BVS values, it turns out thaty'0 for
the OR sample andy'0.6 for the OS sample. Both value
are in excellent agreement with the value obtained from
neutron data.

The cell constants and the unit cell volume increase
oxygen is removed from the structure~as in other systems
such as YBa2Cu3O72y) probably due to the electrostatic re
pulsion between the cations which becomes larger as
intermediate~bridging! oxygen ions are removed. Alterna
tively, it can be explained from the decrease of the iro
valence state, but in the end this is just a consequence o
rearrangement of the various atoms. This picture is also c
sistent with the movement of both the Cu and Fe atoms a
from the Pr layer. Especially for thea axis, the absence o
O~4! atoms dictates to the Pr ions to move away from th
initial positions in order to minimize their electrostatic repu
sion.

We now turn to the probable ordering of the Pr sublatti

TABLE V. Selected bond lengths and calculated bond vale
sums for models II and III.

Atom Model II Model III

OS OR OS OR

Sr-O~1!34 2.773 2.776 2.773 2.776
-O~2!38 2.993~2! 3.059~6! 2.993~2! 3.065~6!

Valence 2.25~2! 2.05~2! 2.25~2! 2.03~2!

Pr-O~2!38 2.542~1! 2.494~5! 2.542~1! 2.489~5!

-O~4!34n 2.773 - 2.773 -
Valence 3.04~7! 3.06~9! 3.04~7! 3.10~9!

Cu-O~1!31 2.001~2! 2.035~4! 2.03~2! 2.113~8!

-O~2!34 1.978~1! 1.987~1! 1.974~3! 1.978~1!

-O~4!3n 1.877~2! - 1.85~2! -
Valence 2.78~2! 2.12~1! 2.80~5! 2.09~1!

Fe-O~1!31 2.001~2! 2.035~4! 1.97~1! 1.895~8!

-O~2!34 1.978~1! 1.987~1! 1.982~2! 2.016~3!

-O~4!3n 1.877~2! - 1.91~2! -
Valence 3.10~2! 2.63~2! 3.09~4! 2.69~3!

n equals 0.5 for the OS sample and 0 for the OR sample.
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The assignment of the magnetic structure of thek2 propaga-
tion vector to the Pr sublattice is inconsistent with our da
For the first propagation vector we could explain the d
supposing that the peaks come from the magnetic orderin
the Pr sublattice. However, this would require a transit
temperature for the Pr sublattice as high as 380 K. Such
explanation is in disagreement with data on PrBa2Cu3O7
and PrBa2Cu3O6, where the Pr spins order antiferroma
netically at 17 K~Ref.19! and 11 K~Ref. 20!, respectively.
Moreover, for PrFeO3 no magnetic transition was observe
for the Pr sublattice down to 8 K~Ref. 21!. It is noteworthy
that the ordered magnetic moment of Fe31 in the PrFeO3
compound is 4.14~4! mB per iron at 8 K,21 which is close to
the value deduced for the oxygen reduced PrBaCuFeO5 at 2
K. The reduction of the Fe31 moment in PrFeO3 has been
attributed to a weak Pr-Fe coupling.22

Let us now discuss the existence of two propagation v
tors in the magnetic structure of the OR sample. As d
cussed in the magnetic structure section it can have two
planations:~a! an incoherent mixture of domainsor ~b! a
canted model. According to Rossat-Mignod23 the canted
model has to be considered instead of magnetic doma
The reason is that the existence of terms higher than sec
order in the free-energy expression can remove the de
eracy between the single and the multi-k structures. We
could first assume that the magnetic character of Pr is ex
sively responsible for the two propagation vectors. Howe
the YSrCuFeO51y compound displays a magnetic structu
similar with OR PrBaCuFeO51y ,

24 where the Y31 ion ~un-
like Pr31) does not carry a magnetic moment. Consequen
the explanation based on Pr magnetic character is not
likely. If the O4 sites were completely empty, then only d
polar interactions would be allowed. Filling these oxyg
vacancies may also give rise to superexchange interact
between the~Cu,Fe! ions above and below the Pr layer, th
might explain the existence of two propagation vectors.
the case of YBaCuFeO51y several transitions are observe
as the temperature is lowered. Unlike PrBaCuFeO51y ,
where the extra oxygen should be responsible for the st
lization of a magnetic structure with two propagation ve
tors, in YBaCuFeO51y the amount of the O~4! oxygen is
quite small to have such an effect. So, only an incommen
rate magnetic structure develops with a small contribut
from k2.

We now turn to a discussion of the Mo¨ssbauer spectra
The first one is the presence of two components in the 43
spectrum of the OR sample, an unexpected behavior s
our structural models predict only one position for Fe. Co
ponentA is the structurally predicted five-fold oxygen coo
dinated Fe position. A first explanation of componentB as
arising from an impurity phase can be easily ruled out sin
both our NPD and XRD data do not reveal the existence
such a phase and especially with a;15% weight. Additional
support is provided from the Mo¨ssbauer spectra, since the
evolution with temperature shows that this component
comes magnetic together with componentA. Having ex-
cluded the impurity origin of componentB, we can attribute
it to a second nonequivalent~from the Mössbauer point of
view! Fe site in the structure. This can happen either wit
part of Fe being octahedrally coordinated@due to some rem-
nant O~4! oxygen# or with some Fe occupying not th

e
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z.0.25 but thez.0.27 position, which is normally occupie
by Cu. A third explanation consists in having Cu and Fe
different ~successive! layers with a small amount of Fe re
siding at the copper plane.

The existence of two nonequivalent Fe sites, combin
with fluctuations of the hyperfine parameters due to disord
ing effects, can explain the inhomogeneous broadening
is observed in the RT spectrum of the OR sample.

The second interesting point is that while the Mo¨ssbauer
spectra for the OS sample are magnetically split, the N
data even at 2 K do notshow long-range magnetic order. Th
broad, magnetically split spectra close to 70 K imply that
rate of the iron spin fluctuation is comparable to the Larm
frequencies of the nuclear moment (;1029 sec!. Near 70 K
the Mössbauer spectra for the OS sample might be expla
by the freezing of the Fe spins~or of clusters of Fe spins! at
random directions with varying local environments~because
we have a variety of Fe31, Fe41, Fe51, and Cu21 ran-
domly distributed!. The spins freeze randomly with respe
to the c axis provided that there is no anisotropy energ
Spin freezing is also consistent with the anomaly obser
around 70 K in thex vs T curve of the OS sample.

The last question, concerning the Mo¨ssbauer spectra, i
the nature of theC component. Unequivocally, it has to b
related to the additional oxygen within the rare earth lay
Its hyperfine parameters suggest that it originates from
that is in a valence state higher than 31, that is either 41 or
51. A simple charge balance calculation for the OS sam
demands that, supposing Cu is divalent, all the iron sho
be transformed to Fe41. The unquestionable presence
Fe31, through componentsA andB, is the convincing evi-
dence that componentC originates from Fe atoms whos
valence state is 51.

To shed more light to the nature ofC component, we are
going to compare our data with those of well-studied, str
turally similar compounds. The first such compound is
cubic perovskite SrFeO3, a most typical case of octahedr
d4(t2g

3eg
1 ,S52) high-spin Fe41 configuration.25More com-

plicated behavior is observed in the case of the oxyg
deficient perovskite phase SrFeO32y .

26 And finally, we con-
sider CaFeO3,

27 representing the case of Fe51 through
charge disproportionation. In order to compare the pres
hyperfine parameters with those of the above mentio
compounds, we will use the data at low temperatures.
suming, that componentC corresponds to Fe41, then itsd is
considerably smaller than that of SrFeO3, whileHeff is prac-
tically the same. Comparing our data with the Fe(41l) com-
ponent of CaFeO3, it can be seen that there is a very go
agreement between thed ’s, while Heff is 37 kG greater.
Therefore, our data can be explained by assigning theC
component to Fe51 and componentsA and B to Fe31,
within the frame of charge disproportionation. An alternati
explanation is that theC component originates from Fe ion
whose electrons are delocalized, following the argument
Gibbs regarding theZ component present in SrFeO32y . A
component with similar isomer shift (d50.03 mm/s! has
been observed28 in oxygen saturated YSr2Cu2FeO71y .

At this point it is worth comparing the results of th
present work with those of theRBaCuFeO51y compounds
discussed in Ref. 5. In that work it was established thatTN
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decreases with increasingy or equivalently with increasing
the rare earth ionic radius. Therefore, in Pr and Nd the
sites are expected to have larger occupancy than the sam
for rare earths with smaller ionic radius. When compari
our previous data~Ref. 5! with those of the Pr member w
must take into account that the former samples were p
pared by quenching of the samples from 980 °C (A series!
and by heating theA-series samples in the TGA apparatus
to 900 °C (B series!, whereas in the present work we hav
studied oxygen reduced, as-prepared and oxygen satu
samples. Thus, the OR sample can be compared with
B-series samples, the as-prepared sample with theA-series
samples, but the OS sample has no equivalent. The a
tional site ~site B) in the Mössbauer spectra of the O
sample originates from some remnant O~4! oxygen, maybe
due to the large ionic radius of Pr. This is the reason
observed a paramagnetic spectrum for the AP Pr samp
RT, whereas the corresponding Nd sample (A series! shows
a broad relaxed spectrum at RT.5 Regarding theB-series Nd
sample, whose equivalent is the OR sample, it has a hy
fine field of 347 kG at RT, whereas for the OR Pr sample
hyperfine field at RT is;320 kG. The absence of compone
B in theB series must be due to the small amount of remn
O~4! after heating in Ar. ComponentC was absent in the
A series because it corresponds to Fe51 and therefore it ap-
pears only after having exceeded a certain degree of oxy
ation.

IX. SUMMARY AND CONCLUSIONS

We have studied the PrBaCuFeO51y compound for dif-
ferent oxygen contents with x-ray and neutron powder d
fraction, TGA, magnetic susceptibility, and Mo¨ssbauer spec
troscopy. TGA measurements and neutron diffraction d
revealed the presence of additional oxygen in the Pr la
~with occupancy 0.5 for the OS and 0.26 for the A
samples!. The OR sample exhibits antiferromagnetic lon
range order withTN538165 K, whereas for the OS sampl
no long-range magnetic order is observed down to 2 K ob-
viously due to the additional oxygen within the Pr laye
The neutron diffraction data were analyzed with two prop
gation vectors~from 300 down to 2 K!: k15@ 1

2
1
2
1
2] and

k25@ 1
2
1
21]. The magnetic structure can be interpreted by c

sidering either a noncolinear magnetic structure or a mixt
of magnetic domains, with the former being more probab
It would be very interesting to elucidate this problem by
single-crystal study. The Mo¨ssbauer spectra for the O
sample were analyzed with two Fe31 (S55/2) components,
while for the OS sample the extra oxygen creates holes in
~Cu, Fe! layers and as a result Fe appears in a mixed vale
state. Indeed, the presence of Fe in a valence state hi
than 41 is unambiguous.
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