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Two magnetic phase transitions atTN1'475 K ~AF1 phase! and TN2'240 K ~AF2! are observed in
YBaCuFeO5. The magnetic unit cell of AF1 is four times the chemical cell,am5&a, cm52c, and the
magnetic moments within one chemical cell are antiparallel to each other. The magnetic unit cell of the
low-temperature phase AF2 is similar to that of AF1 withaM5am , but with a four times largercM axis, i.e.,
cM54cm58c and a more complicated sequence along@001# than in AF1. Denoting the magnetic unit cell of
AF1 asA, the magnetic unit cell of AF2 can be considered as built up from the sequenceAA-A-A along@001#.
In the Ca-doped compound, oxygen vacancies have a detrimental effect on the long-range correlation along
@001#. As a consequence, two magnetic phases coexist: One phase with magnetic unit cella15&a andc1

5c appears at room temperature, and the Ne´el temperature,TN1 , for the other, predominant phase decreases
as compared to the undoped compound. The transition to AF2 seems to be hindered, and AF1 is observed
down to 8 K in ~Y0.94Ca0.06!BaCuFeO4.95. @S0163-1829~98!06633-8#
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INTRODUCTION

The title compound, YBaCuFeO5, was prepared by
Er-Rakhoet al.1 The structure of this material is closely re
lated to that of YBa2Cu3O7 and can be described as a
oxygen-deficient twofold perovskite (ABO3) superstructure.
It consists of double layers of square pyramids (BO5) shar-
ing the apical oxygen, where Ba21 ions occupy the perov
skite cuboctahedralA position, and Y31 cations are located
between the layers. Regarding theB positions, there is some
controversy in the literature. The results obtained by
Rakhoet al.1 from Mössbauer spectroscopy, suggested t
iron ions are located in two nonequivalent positions. The
fore, based on their neutron powder-diffraction data, th
authors have refined a structural model ofP4mm symmetry,
in which two symmetry unrelated mixed-metal BO2 layers
with composition 0.62 Cu10.38 Fe and 0.38 Cu10.62 Fe,
respectively, have been considered. However, based on
Mössbauer study by Meyeret al.,2 Pissaset al.3,4 claimed
that copper and iron cations are located in separated la
Furthermore, Mombruet al.5 refined the nuclear and mag
netic structures of YBaCuFeO5 in the noncentrosymmetric
space groupP4mm, this choice was made on the basis of t
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works by Pissaset al.3,4 and on spectroscopic studies~Ra-
man and IR! by Atanassovaet al.6 that supported the acentri
character of the structure. They found that the iron mome
were perpendicular to thec axis and AF ordered within a
layer, and no magnetic ordering was observed in the cop
sublattice for the studied temperature range~300–500 K!.
The crystal structure of this phase has also been determ
by single crystal x-ray diffraction,7 and the results suppor
the use of theP4mm space group.

Recently, Caignaertet al.8 and ourselves9 have studied
the title compound by neutron powder diffraction. In bo
cases, the model for the nuclear structure was developed
ing the centrosymmetric space groupP4/mmm, with iron
and copper ions randomly distributed onto equivalent B2
layers. In Ref. 8 two magnetic phase transitions are repo
at TN15441(2) K andTN2'230 K. The magnetic structure
betweenTN1 andTN2 is described with a unit cell related t
the crystallographic one byam5&a andcm52c, the mag-
netic moments being tilted with respect to thec axis. These
authors propose an incommensurate magnetic structure
a short-range order belowTN2 . The intensity of the magnetic
reflections (h/2,k/2,l /2) decreases on cooling, while both th
magnetic satellites on each side of the magnetic peaks
the very weak peaks indexed as (h/2,k/2,l ) increase. A
6291 © 1998 The American Physical Society
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TABLE I. Structural parameters for YBaCuFeO5 ~YBCF! and ~Y0.94Ca0.06!BaCuFeO4.95 ~YCa! at
room temperature ~298 K!. YBaCuFeO5: S.G: P4/mmm, a53.8740(2) Å, c57.6676(5) Å,
V5115.1(1) Å3, Rp50.073, Rwp50.096, RMag50.274, x254.13. ~Y0.94Ca0.06!BaCuFeO4.95: S.G:
P4/mmm, a53.8709(2) Å, c57.6656(4) Å, V5114.8(1) Å3, Rp50.071, Rwp50.103, RB50.047,
RMag150.115,RMag250.22,x256.27.

Atom Site x/a y/b z/c Occupation Beq/Å 2

YBCF YCA YBCF YCa YBCF YCa YBCF YCa
Ba 1a 0 0 0 0 1 0.9~1! 0.96~8!

Y Y/Ca 1b 0 0 1
2

1
2 1 0.94/0.06 0.33~1! 0.63~6!

CuFe 2h 1
2

1
2 0.2680~3! 0.2682~3! 1/1 0.47~4! 0.68~5!

O~1! 4i 1
2 0 0.3156~2! 0.3146~2! 4 3.96~4! 0.85~5! 0.83~6!

O~2! 1c 1
2

1
2 0 0 1 1.1~1! 1.5~1!
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somewhat similar behavior is reported on tetragonal sam
of YBa2Cu3O61y ~YBCO! with y,0.35 doped with Al
~Refs. 10 and 11! and in Fe- and Co-doped YBCO for low
doping levels.12,13 In these doped compounds a transition
observed from the high-temperature magnetic phase A
with spin ordering along thec axis @102# andcm5c, to the
phase AFII, with sequences@101# @202#, @121# @212#
or @111# @222# and cm52c. However, components o
both the AFI and the AFII ordering sequences are obser
over a very broad temperature range. Consistent with th
retical model analysis, the coexistence of the two order
components has been interpreted as resulting from spe
intermediateturn angle phases, TAI, TAII, and TAIII.11,14

For higher levels of Fe and Co doping, the AFII phase
stabilized in the whole temperature range.

However, the structure of the analogous mate
YBaCo22xCuxO51d (0.3<x<1) has been refined from neu
tron powder-diffraction data by Barbeyet al.15 and Huang
et al.16 in the space groupP4/mmm. The magnetic structure
of these compounds changes gradually with the cob
copper ratio: the magnetic moments are aligned paralle

the c axis for x51 with a propagation vectork5( 1
2 , 1

2 , 1
2 ),

while they lie on the basal plane forx,0.75 with k
5( 1

2 , 1
2 ,1); for intermediate values two magnetic transitio

are found. When half of the copper atoms are replaced
iron in YBaCuCoO5 ~Ref. 17! the magnetic cell changes, th
magnetic structure being similar to that observed
YBaCo22xCuxO51d (x,0.7).15

The magnetic behavior of PrBaCuFeO51d is more com-
plex. For samples withd.0, no long-range magnetic orde
is observed,9,18 while the structure of the stoichiometric ma
terial can be described with two propagation vectorsk1

5( 1
2 , 1

2 , 1
2 ) andk25( 1

2 , 1
2 ,1). Two equivalent models are po

sible: an incoherent mixture of domains of different pha
and a canted structure.

Therefore, the magnetic behavior of LnBaCuMO5
(Ln5lanthanide,M5Fe,Co! is an interesting and topica
field of research. In this paper the magnetic structure
YBaCuFeO5 below TN2 is presented and compared to t
intermediate magnetic structure observed at room temp
ture. The effect of the partial substitution of yttrium by ca
cium on the magnetic properties is also reported.
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EXPERIMENT

Samples have been prepared by the ‘‘nitrates method19

and were checked to be single phase by x-ray diffraction
a Siemens D-5000 diffractometer using monochroma
Cu(Ka) radiation. Neutron diffraction was performed at di
ferent temperatures on the multidetector powder diffrac
meter at the DR3 reactor at Riso” National Laboratory. A
vanadium can of 9 mm diameter and 5 cm length was u
as the sample container. Neutrons of wavelength 1.475~1! Å
were chosen. Diffraction data were analyzed using the s
ware packagesFULLPROF20 andGSAS.21

Thermogravimetric analysis was done in pure argon up
1173 K using a Perkin-Elmer 3600 apparatus with a hea
rate of 10°/min. Magnetic susceptibility was measured o
Lakeshore 7225 ac susceptometer/dc Magnetometer Sy
working at different magnetic fields up to 5 T. The tempe
ture range for the magnetic measurements spans from 1
800 K. The field dependence of magnetization was stud
up to 12 T using a vibrating sample magnetometer fr
Oxford Instruments.

RESULTS AND DISCUSSION

Remarks on the nuclear structure

The best agreement between our neutron-diffraction d
and calculated patterns were obtained for the struct
model developed by Huanget al.16 for YBaCuFeO5 in the
space groupP4/mmm. In this model iron and copper ion
occupy one crystallographic position, being randomly d
tributed among the two equivalent BO2 layers. We note that
convergent beam electron diffraction on the sa
YBaCuFeO5 sample used in the present studies gave str
evidence for a centrosymmetric structure, supporting the
of space groupP4/mmm.22 Including the splitting of the
Cu/Fe position, as proposed by Caignaertet al.,8 did not im-
prove the reliability factors significantly. The structural p
rameters for YBaCuFeO5 and (Y12xCax)BaCuFeO52d at
room temperature are summarized in Table I, the co
sponding observed and calculated patterns are shown in F
1 and 2. The oxygen vacancies in the nonstoichiome
compound,d50.05(2), aresituated on the O~1! site, i.e., in
the basal plane of the square pyramids. As a conseque
some iron or copper ions are coordinated to four oxygen



Ca
if-

for x
s in

re-
ds
r-

er

the

K
rre-

ced

s

rn

e
o

t c

vs

c-

PRB 58 6293LOW-TEMPERATURE MAGNETIC STRUCTURE OF . . .
FIG. 1. Observed and calculated neutron-diffraction pattern
room temperature~top! and 8 K ~bottom! for YBaCuFeO5 (l
51.475 Å). The nuclear structure has space groupP4/mmm, the
magnetic structures correspond to the AF1~room temperature! and
AF2 ~8 K! models.

FIG. 2. Experimental and calculated neutron-diffraction patte
at room temperature for~Y0.94Ca0.06!BaCuFeO4.95. The models of
both the nuclear structure and the structure of the major magn
phase are similar to those used in the undoped material. Po
defined peaks belong to a secondary magnetic phase with uni
am5&a andcm5c.
a very distorted tetrahedral environment. The actual Y/
ratio of this sample was determined from x-ray powder d
fraction because of the better contrast of these elements
rays than for neutrons. Combining both techniques result
the composition~Y0.94~2!Ca0.06~2!!BaCuFeO4.95~2!.

MAGNETIC STRUCTURE

Magnetic behavior

As deduced from the magnetic susceptibility measu
ments and Mo¨ssbauer spectroscopy, the compoun
LnBaCuFeO5 (Ln5lanthanide) are antiferromagnetically o
dered at room temperature,1–3,8,19and the Ne´el temperature
TN is about 460 K for YBaCuFeO5.

1 The magnetic ordering
is strongly affected by the replacement of yttrium by oth
rare-earth elements like praseodymium,3,9,18 the presence of
extra oxygen in the structure,3,4,9,18or even by low levels of
doping on the yttrium site, as will be shown.

Figure 3 shows the molar magnetic susceptibility and
inverse susceptibility versus temperature for YBaCuFeO5. A
first antiferromagnetic transition is observed atTN1'475 K
and a second well-defined transition is found atTN2
'240 K. At low temperatures (T'20 K) a third anomaly is
observed.

The field dependence~up to 12 T! of magnetization in
YBaCuFeO5 is shown in Fig. 4. The data for 8 and 250
have been fitted by a linear dependence, while those co
sponding to 150 and 200 K are described by a field-indu
transition between two phases with a linearM (H) relation
for each phase:

M ~H !51/2$M1@12tanh~H2HC!/s#

at

s

tic
rly
ell

FIG. 3. Molar susceptibility and inverse molar susceptibility
temperature for YBaCuFeO5 ~up and down triangles, respectively!
and for Y0.94Ca0.06BaCuFeO4.95 ~squares and rhombuses, respe
tively!.
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FIG. 4. Magnetization vs magnetic field up to 12 T for YBaCuFeO5 at 8, 150, 200, and 250 K. The calculated magnetizations accor
to Eqs.~1! and~2! with the parameters of Table IV agree very well with the observed ones, and the difference is smaller than the siz
symbols. These curves are not shown for clarity, but the extrapolations of the linear behaviors at 150 and 200 K to emphasize the
of field-induced phase transitions. No significant hystereses have been observed for increasing vs decreasing field strength.
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of
1M2@11tanh~H2HC!/s#%, ~1!

with

M15xH and M25aH1M0 . ~2!

The field-induced transition is broadened thermally as w
as due to powder statistics by the dependence of the cri
field strength on the specific field orientation in each crys
lite. The pronounced deviations from linear behavior at 1
and 200 K are emphasized by the extrapolation of the lo
field slope. The best fitting parameters are summarized
Table IV and suggest field-induced transitions at 150 a
200 K from a low-temperature magnetic structure bel
TN2'240 K into the intermediate phase betweenTN1 and
TN2 in zero field. This phase transition can only take pla
below TN2 and therefore no such transition is observed
250 K. No field-induced transition is observed at 8 K either,
but for a different reason. A critical field strength grea
than 12 T is estimated by extrapolation to this low tempe
ture.

The temperature dependence of the molar magnetic
ceptibility of ~Y0.94Ca0.06!CuFeO4.95 and the inverse is show
in Fig. 3. The data follow a Curie-Weiss law in the tempe
ture range from 350 to 500 K, withC54.76 emu K mol21

and u52790 K. These values suggest that strong sh
range antiferromagnetic interactions are present in the i
copper sublattice. A broad peak is observed aroundTN1
'325 K; this transition is shifted by about 150 K to low
ll
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-
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r
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temperatures with respect to the value observed for the
doped compound (TN1'475 K). The anomaly observe
around 100 K can be assigned to the second antiferrom
netic transition found in YBaCuFeO5 at TN2'240 K. As
stated above, the calcium doped materials show some de
of oxygen deficiency; the same situation in calcium-dop
YBa2Cu3O7 is considered to result from a constant oxidati
state for the copper ions.23 The shift of the ordering tempera
ture to lower values may be a consequence of the oxy
vacancies in the BO2 layers that break down some B-O-
superexchange paths. Indeed, the magnetic phase tran
AF1→AF2 seems to be suppressed in the calcium-contain
compounds, probably due to the weakness of the magn
superexchange within the BO2 planes. The magnetic behav
ior of the LnBaCuFeO56d (Ln5lanthanide) compounds
seems to be very sensitive to the oxygen content; both
oxygen-deficient~Y0.94Ca0.06!BaCuFeO4.95 and the oxygen-
excess compounds PrBaCuFeO5.24 ~Refs. 9 and 18! and
NdBaCuFeO5.18 ~Ref. 3! have very different magnetic prop
erties from those of the parent material YBaCuFeO5.

Refinement of the magnetic structures

The magnetic structures of YBaCuFeO5 have been de-
duced from neutron powder-diffraction experiments p
formed at 600 K (.TN1), room temperature~betweenTN1
andTN2), and at 200, 150, and 8 K~all below TN2).

The magnetic unit cell at room temperature consists
four chemical cells,am5A2a and cm52c. To allow for
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canting of the magnetic moments with respect to the fourf
rotational axis, the magnetic structures are refined in sp
group P-1. The best agreement between calculated and
served intensities is achieved for a collinear model withm
51.45(5)mB and a canting angleq555(5)° to thec axis,
the magnetic moments within one chemical cell being a
parallel to each other. The uncertainty in the canting an
has been estimated from ist effect on the magneticR value as
given in Table II. This phase will be referred to as AF1. T
upper section in Fig. 1 shows the observed data, the pa
calculated using the above model~crystallographic and mag
netic structures!, and their difference.

In the diffraction patterns recorded at temperatures be
TN2 , a significant splitting of the magnetic reflections
AF1 is observed, most clearly for the reflection~1

2
1
2

1
2! in

AF1 that is split into~ 1
2

1
2

3
8! and~ 1

2
1
2

5
8! in the new magnetic

phase AF2~see bottom of Fig. 1!. The magnetic unit cell of
AF2 is similar to that of AF1 withaM5am , but a fourfold
increase inc, i.e., cM54cm58c. Only reflections withhM
1kM and l M odd appear, reducing the number of indepe
dent magnetic moments to 8, e.g., those in four succes
chemical cells along@001#. Only one collinear model gives
a good agreement between observed and calculated int
ties: again the magnetic moments within one chemical
are antiparallel, but the sequence along@001# is more com-
plicated than in AF1. A schematic representation of b
phases is shown in Fig. 5 for comparison. If the magne
unit cell of AF1 is denoted asA, then the magnetic unit cel
of AF2 is built up from a sequenceAA-A-A along @001#.
The magnetic moments are refined to values of 2.35(15mB
at 8 K and 2.15(15)mB at 150 K and 200 K, respectively, an
the same canting angleq555(5)° asrefined for AF1 at
room temperature. Table III summarizes the structural
rameters for YBaCuFeO5 at 8 K.

The magnetic phase of YBaCuFeO5 at low temperatures
is formed by a rearrangement of the spins along the@001#

TABLE II. Dependence of the magneticR values on the canting
angle in YBaCuFeO5 at room temperature~left! and 8 K ~right!.

q/° Rmag q/° Rmag

0 0.407 0 0.314
46.3 0.289 35.8 0.262
59.1 0.277 49.3 0.241
54.2 0.274 54.7 0.237
50.1 0.278 61.5 0.242
90 0.292 90 0.259
d
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le

rn

w

-
ve

si-
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direction. The transition from AF1 to AF2 with decreasin
temperature is accompanied by a flip of half of the spins~A
to 2A!. Every four chemical cells, the ferromagnetic orde
ing across the basal plane of the unit cell,@12#@21# or
@21#@12#, changes to an antiferromagnetic orderin
@21#@21# or @12#@12# as shown in Fig. 5. The latte
kinds of spin sequences along thec axis, for whichcm5c,
have previously been found in YBaCo22xCuxO5 (0.3,x
,0.5),15 YBaCoCu0.5Fe0.5O5,

17 and more recently in the sto
ichiometric phase of the praseodymium-containing co
pound PrBaCuFeO5,

18 all of them isostructural with the title
compound YBaCuFeO5. Even for the latter, Caignaertet al.8

have observed in the neutron-diffraction patterns recorde
low temperature some magnetic reflections with indic
(h/2,k/2,l ) ~l integral! corresponding to a magnetic unit ce
am5A2a andcm5c.

The transformation from AF1 to AF2 can take place v
intermediate phases, similar to theturn anglephases between
AFI and AFII in YBCO.14 The presence of splitting and pea
broadening in the diffraction patterns, recorded at 150 a
200 K, may reflect some intermediate state between AF1
AF2. A magnetic unit cell withcM of about 60 Å will be
very sensitive to stacking faults along@001#; thus, the AF1 to
AF2 transition can proceed through some unusual seque
along @001#, such as incommensurate or long-periodic int

FIG. 5. Schematic representation of the spin sequences a
@001# for the two collinear antiferromagnetic phases AF1 and AF
If the magnetic unit cell of AF1 is denoted asA, the unit cell of AF2
is built up from a sequenceAA-A-A along @001#.
TABLE III. Structural parameters for YBaCuFeO5 at 8 K. S.G: P4/mmm, a53.8693(2) Å, c
57.6389(4) Å,V5114.4(1) Å3, Rp50.075,Rwp50.101,RMag50.237,x253.6.

Atom Site x/a y/b z/c Occupation Beq/Å 2

Ba 1a 0 0 0 1 0.72~9!

Y 1b 0 0 1
2 1 0.42~7!

Cu/Fe 2h 1
2

1
2 0.2684~3! 1/1 0.51~6!

O~1! 4i 1
2 0 0.3160~3! 1 0.60~6!

O~2! 1c 1
2

1
2 0 4 1.1~1!
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TABLE IV. Best fitting parameters according to Eqs.~1! and~2! for the field scansM (H) on YBaCuFeO5
at different temperatures.

T ~K! xo @1026 emu/~g G!# Hc ~T! s @T# a @1026 emu/~g G!# M0 (1023 emu/g)

8 8.43
150 8.53 7.1 3.2 10.52 8.0
200 8.59 4.7 2.4 10.52 11.2
250 10.24
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A.
mediate phases. In this connection, Caignaertet al.8 found an
incommensurate phase belowTN2 with propagation vector
k5(0,0,0.211) at 20 K, referred to the magnetic cell. The
authors determined the spin correlation length of about 7
by the simultaneous fitting of the magnetic peaks and th
satellites. Nevertheless, at sufficient low temperature,
magnetic structure has to lockin commensurately. It is
well-known phenomenon in antiferromagnetic materials
hibiting intermediate phases in zero field, that an exter
field parallel to the easy direction~which is always the case
for some particles in polycrystalline samples! induces~at low
temperatures! a transition to the intermediate phase or sta
lizes the intermediate phase to lowest temperatures. The
nounced deviations from a linear dependence of magne
tion as a function of field in YBaCuFeO5 at 150 and 200 K,
Fig. 4, suggest a field-induced transition, supporting our
servation of low~AF2! and intermediate~AF1! temperature
magnetic structures.

The partial substitution of yttrium by calcium induce
very significant modifications of the magnetic structure
YBaCuFeO5. Figure 2 shows the neutron diffraction patte
of ~Y0.94Ca0.06!BaCuFeO4.95 at room temperature. Broa
magnetic peaks, associated with short-range interact
within the CuFeO2 layers, are observed. Well-defined ma
netic peaks are also present, the most intense ones
Miller indices (h/2,k/2,l /2), and weak peaks with indice
(h/2,k/2,l ) are also observed. The latter arise from an a
ferromagnetic ordering for which thec axis repeat of the
crystallographic unit cell is preserved in the magnetic one
similar magnetic unit cell has previously been reported
the stoichiometric praseodymium containing mater
PrBaCuFeO5.

18 Even for the parent compound YBaCuFeO5,
Caignaertet al.8 have found at low temperature some we
peaks with indices (h/2,k/2,l ). As a first attempt, a structur
model based on two magnetic phases with propagation

tors k15( 1
2 , 1

2 , 1
2 ) for phase 1 andk25( 1

2 , 1
2 ,1) for phase 2

was refined. The best agreement between calculated an
served intensities is obtained for a collinear model for b
phases with the magnetic moments restricted to lie perp
dicular to thec axis. The refined magnetic moments arem1
51.32(5)mB and m251.31(18)mB for phases 1 and 2, re
spectively. Due to the low intensity of the peaks correspo
ing to this second phase, the values of the magnetic mom

*Author to whom correspondence should be address
Fax: 149 6151 166023; electronic addres
HELMUT@STENO.ST.MW.TU-DARMSTADT.DE

1L. Er-Rakho, C. Michel, Ph. Lacorre, and B. Raveau, J. So
State Chem.73, 531 ~1988!.
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are imprecise and the agreement factors are high. The s
tural and agreement parameters for this model are give
Table I.

The weakness of the magnetic interactions
~Y0.94Ca0.06!BaCuFeO4.95 prevents the long-range magnet
correlations along@001#. As a consequence, a seconda
magnetic phase with unit cellam5&a andcm5c appears at
room temperature, accompanied by a lowering of the or
temperatureTN1 for the predominant phase~AF1!. Further-
more, the transition to a low-temperature magnetic pha
observed belowTN2 in the undoped compound, seems to
hindered. Thus, the magnetic structure of the predomin
phase in~Y0.94Ca0.06!BaCuFeO4.95 in the temperature rang
from TN1 down to 8 K is that determined for YBaCuFeO5
betweenTN1 andTN2 , i.e., AF1.

Neutron-diffraction data, recorded on the calcium-dop
sample after thermal treatment in argon atmosphere for 1
at 873 K, show very broad magnetic peaks and well-defin
reflections, revealing a magnetic unit cellam5&a and cm
52c. However, no peaks with indices (h/2,k/2,l ) are ob-
served showing that the thermal treatment has modified
magnetic interactions in this material. Thermal treatments
a reducing atmosphere induce in cobalt- and ir on-do
YBa2Cu3O7 the formation of clusters of the trivalent met
ions.13 Also the oxygen content of the calcium-dope
material is slightly modified, the actual composition
the sample after the reducing treatment be
~Y0.94Ca0.06!BaCuFeO4.95~2!. Both the clustering of the iron
cations and the slight loss of oxygen might account for
change in the magnetic structure of the sample.
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