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We studied the structure and the magnetic properties of the oxygen deficient perovskite PrBaCuee0O
a function of the removable oxygen The average crystal structure was refined from x-ray and neutron
powder diffraction data which both confirm the presence of the additional oxydgethe Pr layer. Long-range
three-dimensional3D) antiferromagnetism Witﬁ'N=380t5 K was observed for thg~0 sample and all the
magnetic peaks could be indexed on two propagation vekior§ 333] andk,=[331] from 300 to 2 K. The
oxygenated samplg~0.5 does not display magnetic reflections down to 2 K. Thesshauer 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 e 0 sample reveal two ferric iron site$€ 5/2) while the oxygen-

ated sample displays an additional iron site with higher valef®@163-18207)09101-7

I. INTRODUCTION In the case of YBaCuCog) Huanget al° have shown
that the crystal structure has the symmetry of BFEmmm
Compounds with perovskite structure that are structurallyspace group witha=3.8679(1) A andc=7.5674(2) A.
and electronically related to the hidh- superconductors Copper and cobalt atoms are completely disordered in this
present great interest. One of these compounds isompound and the oxygen vacancies are located within the
RBaCuFeQ@, , (R=rare earth and ) This oxide was found yttrium layer. The magnetic structure can be described with
to consist of CUFEC)_L()]Oc bilayers of Corner—sharing Cng propagation Vectork:[%%% , TN:536 K and a magnetic
and FeQ square pyramidéFig. 1). R®" layers(coordination  moment parallel to the axis.
number § separate th¢CuFeQyq] bilayers and accommo-  |n a previous work we have studied thRBaCuFeQ se-
date the oxygen vacancies, while the?Baions (coordina- ries (R=Y, Nd, Sm, Gd, Dy, Tm, Lt One series of samples

tion number 12 are located within the bilayer Spacing, remi- (A Series was prepared by quenching from 980 °C and an-
niscent of the YBaCu3Og structure.

In an earlier work in order to fit the room temperature
(RT) YBaCuFeQ, Mossbauer spectrum two crystallographi-
cally distinct F€" sites were assumed. This assumption led
them to choose the space groBgmm in order to analyze
the neutron powder diffractiofNPD) data. Moreover, a
single crystal structural study by Voughey al? showed,
after analysis of the data collectetil and hkl), that the
compound isacentric with no observable systematic ab-
sences. Raman and IR spettiar the same compound con-
firmed the acentric character of the unit cell.” 8sbauer
spectrd;® at least for the YBaCuFe{ compound, have
shown that the initial assertibrior two different sitegwith
relative intensities 38% and 62%must be re-examined.
Crystal chemistry arguments foretell that Fe and Cu should
occupy the b,(z=0.27) and b,(z=0.7) sites, respec-
tively. Cu®" prefers the severely elongated square pyramid,
while the FeQ square pyramid is somewhat squashed.

The magnetic properties of YBaCuFgQ, appear to be
extremely complicated. Mssbauer and neutron diffraction
data revealed an antiferromagnetic ordering transition at
Tn=446 K. Moreover, the NPD data showed a magnetic
phase transition at 200 K, where satellite peaks appear
abruptly on either sides of thei23] magnetic reflectiori=®
In addition to the satellite peaks, a very small peak indexed
as (3 1) exists below 230 K whose intensity increases with
decreasing temperatute. FIG. 1. Crystal structure of the PrBaCuFgQ compound.
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other one B serie$ was produced after deoxygenation of the

A series. Heating th& series samples in an Ar atmosphere 1000 i

showed a weight loss that we attributed to the removal of 99.6

additional oxygen within the rare earth layer. It was observed T 1

that the larger the rare earth ion, the more the weigRy- 3 s9al *

gen loss and the increase ifiy upon deoxygenation. The a T 7

A-series samples correspond to the as-prepared Pr sample § 8.8 TG

studied in the present work, while tiiB2series samples cor- 2 0 7,2468%C 7

respond to the oxygen reduced Pr sample. = 08.4 Y .
We present in this paper a detailed study of the Pr com- T T

pound which, due to the large ionic radius of Pr, is expected 98.0 . . . . . .

to have a largey value and thereby the differences in the ’ 200 400 600 800

magnetic properties as a function of oxygen should be more Temperature (°C)

pronounced. The La-based compound crystallizes in the

Pm3m space group due to disorder between La andtBair FIG. 2. The TGA trace for the oxygen saturated

ionic radii are similar and so Pr is the largest rare earth for PrBaCuFeQ., compound after heating in flowing Ar up to 900 °C
which the double perovskite unit cell is preserved. As it will at a rate of 4 °C.

be seen in this work, oxygen saturated samples of

PrBaCuFeQ. , do not show any long-range magnetic order.ity of 0.1 K. The resolution and the calibration of the spec-
Similar behavior has been obserVéd the neutron diffrac- trometer were made at RT using arFe foil as the absorber.

tion patterns of the NdBaCuFeQ, compound. The resolution was determined to bé&2=0.14 mm/s.
We have studied the PrBaCuFgQ, compound using
neutron, x-ray powder diffraction and Msbauer spectros- . THERMOGRAVIMETRIC MEASUREMENTS
copy data. Our main goal was to resolve the magnetic prop-
erties of this system with respect to its oxygen content. Figure 2 shows the TGA trace for the OS sample. The

sample starts to lose oxygen near 335 °C, in close similarity
to the 123 compountf, and at 468 °C it loses almost 1.2%.
Then, almost up to 760 °C the rate of oxygen loss is practi-

PrBaCuFeQ,, samples were prepared by thoroughly cally negligible. Finally, from 735 °C up to 900 °C it loses
mixing high purity stoichiometric amounts of BaGOCUO, another 0.3%. In order to calculate th_e amount of extra oxy-
Fe,O,, and PgO4;. The mixed powders were annealed in 96N We assu_med that at the end of th|.s procedure the sample
0, at 980 °C for several days with intermediate grindings.h@d exactly five oxygen atoms per unit celich as the OR
Finally, the as-preparedAP) sample was divided in two Sa@mPple, that is, PrBaCuFe@ In this way, the amount of
parts for further treatment. The first part—oxygen saturate@*{ra oxygen was estimated to lye=0.47+0.02. Similar
sample(OS—was annealed at 980 °C inGitmosphere for TGA trace has also been obser\_/ed for the AP sample. In that
two days. The second part—oxygen reduced saf@R—  €ase, the extra oxygen was estimated toybked.26+ 0.04.
was annealed in Ar atmosphere at 500 °C for two days. Both
samples were slowly cooled to RT. IV. STRUCTURAL X-RAY AND NEUTRON POWDER

The amount of extra oxygen was determined thermogravi- DIFFRACTION STUDY
metrically, by heating a small amount of sample in a TGA

apparatusPERKIN ELMER,TGS-2 under flowin . . .
iy & , TGS-2 under flowing argon at fractometer were indexed in a tetragonal unit cell. The fact

a rate of 5°C/min up to 900 °C. Then, the sample wa hat N nditions of reflecti b d leads to eiaht
cooled as fast as possible to room temperature. X-ray powd pa _OCO ons ot refiections were observed leads 1o €ig

diffraction (XRD) data were collected with a D500 POSsible space groupB4immm P4mm, P422, P42m,
SIEMENS diffractometer, using CtKa radiation and a P4m2, P4im, P4, andP4, with PA/mmmbeing the only
graphite crystal monochromator, from 4° to 120° in steps Opentrosymmetnc one. The similarity of the x-ray powder pat-
0.03° in 20. The power conditions were set at 40 Kv/35 tern with that of the YBaCuFe©compound led us to de-
mA. The aperture slit as well as the soller slit were set afcribe the structure with a similar model. Taking Ba at the
1°. The neutron powder diffraction experiments were per-Origin (0,0,0), the atomic positions in the casePfsfmm can
formed in the flat-cone diffractometer E2 of the research reP€ described in terms of seven parametés;, Zr., Zcy,
actor BERII in Berlin. The(311) reflection of the Ge mono- 9Zo1, Zo2: Zos, andézg,. Then the coordinates of the vari-
chromator with wavelengthh=1.2 A and the (002 ous atoms are Ba at (0,0,0), Pr at (8;065zp), Fe at
reflection of pyrolytic graphite monochromator with wave- (3,3,zr9), Cu at (3,3,zc), Ol at (3,3,6z0,), O2 at
lengthA=2.4 A were used. dc magnetization measurements3,0,2o,), O3 at(3,0,203), and O4 at(3,3,6204). The O4
were performed in a superconducting quantum interferencexygen was introduced as the only possible solution for the
device (SQUID) magnetometefQuantum Desigh The ab- removable oxygen that was observed in the thermogravim-
sorption Masbauer spectra were recorded using a converetry experiments. The atoms are identified as shown in Fig.
tional constant acceleration spectrometer wWRFCo(Rh) 1. Therefore, these atomic coordinates together with the oc-
source moving at RT, while the absorber was kept fixed eachupancy of the O4 sites and the twenty-four anisotropic tem-
time at the desired temperature. The spectra at temperaturpsrature parameters give the whole picture of the structure
above RT were taken in a furnace with a temperature stabilthereafter Model )L

II. EXPERIMENTAL METHODS

All the reflections within the resolution of the x-ray dif-
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For the P4/mmm space group, it IS zp=2z¢,,
Z0»=Z03, 6Z01=0, 6zp=0, and 6zp,=0 (hereafter
Model II). A third model (Model I1l) was introduced for
YBaCuFeQ, from Caignaertet al® Namely, it is the same
with (Model II) except thatzee# zc,. As we will see in the
next section the analysis of the magnetic reflections for the
OR sample sets a strong constrain in the structural model, at
least for this sample. Therefore, we will discuss the structure
of the OR and OS samples only within models Il and IlI.

The refinement of the XRD patterns was carried out by
the BBWS-9006 Rietveld prografwhile for the NPD pat-
terns we used theuLLPROF program®® The refinements ob-
tained for the OS and OR samples using NPD data at RT are
shown in Fig. 3. The resulting fitting parameters for the XRD
and NPD data are given in Tables | and Il. The shape of the
peaks was assumed to be Pearson VIl for the x rays and
pseudo-Voigt for the neutrons. The background was refined
together with the structure for the x rays, while for the neu-
trons it was estimated by interpolation between regions of
the profile where no reflections were observed. In order to
compare the results of models Il and Il we used the same
isotropic thermal parameters. The values obtained from the
neutron data refinement are more reliable. In the OR sample
it is worth to mention the increase of the.—z¢| value
with respect to the OS sample. This result is hard to be
deduced from the x ray data due to the similarity in the
scattering factors of Cu and Fe.

The quality of the x-ray refinement was appreciably
higher when we introduced the extra oxygen O (de-
creased from 4.90% to 2.97%). In the case of the neutron
data, the improvement due to the introduction of O4 was
dramatic and only then the refinement converged. Moreover,
there are several differences in the neutron patterns between
OS and OR, which originate from the extra O4 oxygen at-
oms. For example, the peak afi220° in the pattern of the
OR sample(Fig. 3) comes implicitly from the oxygen defi-
ciency at the 04 sites. From the neutron data the occupancy
of O4 oxygen atoms was refined to 0(4f that is in close
agreement with the 0.%2) value obtained from the x-ray
data. It is remarkable that the refinement of the x-ray data for
the AP and OS samples gave occupancies for the O4 atoms
that are not far from the value deduced from thermogravim-
etry.

The refinement of the x-ray data showed that model |, for
both OR and OS samples, has a slightly lowgr, but there
is violation of the principle ominimum assumptiolf.On the
other hand, the NPD data show that model Ill, for both OR
and OS samples, has a slightly lowRg and is within the
principle of minimum assumption. Consequently, if we ac-
cept that the principle ofinimum assumptioplays an im-
portant role and since NPD is more reliable than XRD in
determining the correct structure model, then a reasonable
structural description can be given with model Il1.

V. MAGNETIC STRUCTURE

10% | (counts )

103 | (counts )

T T
- NPD (A=1.221A)
20 | PrBaCuFeOs;,,
15 | oxygen saturated

I A 1

A (A (W

-2 [ " 1 1 ' 1 s 1
40 50 60 70 80
20 (deg)
15 — ' ' ! '
- i NPD (1=1.221A) =
10 [ & N PrBaCuFeOy;
_' & o oxygen reduced “_
- TN I
2 WO W S

'exp'lth

|exp'lth
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FIG. 3. Rietveld refinement patterns at RT for tagOS and(b)
) ) ) OR PrBaCuFe@,, samples using neutron powder diffraction data
Figure 4 shows the neutron diffraction patterns of the O\ =1.221 A. The observed intensities are shown by dots and the
and OR samples at 2 K. For the OS sample no magnetigalculated ones by the solid line. The positions of the Bragg reflec-
reflection is observed down to 2 K, while for the OR sampletions are shown by the small vertical lines below the pattern. The
there are two families of peaks in addition to the nuclearine at the bottom indicates the intensity difference between the
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TABLE |. Fractional atomic coordinates, isotropic temperature factors, occupancy factors for the oxygen saturated and the oxygen
reduced PrBaCuFef), samples using x-ray powder diffraction data. Rietveld refinements were done in the tetragonal space
groups P4mm (model ), P4/mmm (model 1) and P4/mmm with z#zc, (model Ill). Atom positions are
Pr(0,0z), Ba(0,0,0), Fe(1/2,1/2), Cu(1/2,1/2z), 01(1/2,1/2z), O2(1/2,0z), O3(1/2,0z), 0O4(1/2,1/2,1/2). The occupancy of O4
(y) was found to be 0.52) and 0 for the OS and OR samples, respectively.

Oxygen saturated Oxygen reduced

a=3.9219(1) R a=3.9260(1) A

c=7.7558(5) A a=7.7669(7) A
Atom | I M B I I I B

z z V4 V4 z z

Ba 0 0 0 0.5%7) 0 0 0 0.7@5)
Pr 0.5022) 1/2 1/2 0.687) 0.5071) 1/2 1/2 0.365)
Fe 0.2521) 0.26175) 0.2491) 0.501) 0.2531) 0.26205) 0.2441) 0.453)
Cu 0.7321) 0.26175) 0.2701) 0.501) 0.7341) 0.262Q5) 0.2721) 0.453)
o1 0.0175) 0 00 1.31) -0.0026) 0 0 0.61)
02 0.3064) 0.2921) 0.2921) 1.3(1) 0.3242) 0.3021) 0.3031) 0.6(1)
03 0.72%6) 0. 1.31) 0.7183) 0.6(1)
04 1/2 1/2 1/2 1.8) 1/2 1/2 1/2 0.61)
R, 5.05 5.07 5.01 5.90 5.97 5.79
R.P 7.69 7.71 7.69 7.35 7.42 7.30
Rg 2.97 3.02 3.06 4.31 4.48 4.54

For the AP sample the cell constants are3.9234 A andc=7.7622 A.

The magnetic peaks can be indexed with superlattice in-
the as-prepared NdBaCuFgQ, compound, wheregy#0.’ .
The same peaks exist in the NPD pattern at RT, but not irgilces 0:2/2k/2,11/2) and 0,/2.k12.]5), where hy, ki,

N,, ko, I1, |, are odd integers. The first family of mag-

the XRD pattern for the same sample, and since their Intenr'1etic reflections with indicesh(/2,k,/2,1,/2) comes from a

sity decreases with increasing temperature these peaks can&ﬁn arrangement with propagation vectar=[3,%,3]. The
—L2y2:21-

attributed to magnetic long-range order. half-integer indices imply thatS(R+c)=—S(R) and

TABLE II. Fractional atomic coordinates, isotropic temperature factors, occupancy factors for the oxygen saturated and oxygen reduced
PrBaCuFeQ,, samples using neutron powder diffraction data. Rietveld refinements were done in the tetragonal space groups
PAmm (model I, P4/mmm (model 1) and P4/mmm with 2zg#z, (model 1ll). Atom positions are
Pr(0,0z), Ba(0,0,0), Fe(1/2,1/2), Cu(1/2,1/2z), 01(1/2,1/2z), O2(1/2,0z), O3(1/2,0z), O4(1/2,1/2,1/2). The occupancy of O4
(y) was found to be 0.49) and 0.041) for the OS and OR samples, respectively.

Oxygen saturated Oxygen reduced

a=3.9219 R a=3.9260 A

c=7.7558 A a=7.7669 A
Atom | I n B I Il n B

z z z zZ z VA

Ba 0 0 0 0.5%) 0 0 0 0.785)
Pr 0.4942) 1/2 1/2 0.586) 0.4963) 1/2 1/2 0.375)
Fe 0.2554) 0.258@3) 0.2542) 0.534) 0.24642) 0.25963) 0.24486) 0.182)
Cu 0.7414) 0.258@3) 0.2643) 0.534) 0.7282) 0.25963) 0.277Q7) 0.182)
01 -0.0115) 0 00 1.22) -0.0084) 0 0 1.11)
02 0.2805) 0.29153) 0.29153) 1.81) 0.2923) 0.304@5) 0.30471) 0.91)
03 0.6986) - - 1.81) 0.6843) - - 0.9
04 0.491) 1/2 1/2 0.43) - 1/2 1/2 0.9
R, 4.18 4.21 4.13 4.96 5.04 4.56
R.p 5.30 5.39 5.28 6.31 6.26 5.82
Rg 6.48 6.25 6.22 5.49 6.71 4.75

®Due to possible errors in the neutron wavelength, which is the largest source of the absolute error in the determination of the lattice
parameters, we kept the cell constants equal to those determined from the x rays and refined only the zero position and the neutron
wavelength.
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structure for the two types of reflections separately. The ob-

12 served reflections can be interpreted with two modelsan

2K (a)

T T T T T T T T
PrBaCuFeQ,,, oxygen saturated T= . . . . . X
0 41A o s & gy incoherent mixture of domainwith different propagation
i Q - = : .
8| 2is Tz vectors and with the same ordered moment, but occupying

different volumes andb) a canted modelvhich is the vector

sum of two collinear magnetic structures with different or-
dered magnetic moments but occupying the same voftime.
The integrated intensity of a magnetic reflection for a collin-

(003)

> (001)
(101)

T of ) . :
§ =S —— = — . ear magnetic structure in a NPD pattern can be written as:
g 12 | PrBaCuFeQg oxygen reduced T=2 K (b) k, _
= { — ¥ ]
W[ L ] 3 LeE lo o a2 2
sl N = oy . I(hkl)= - =——=——-m(1—(Qq-S F(hkl)|%,
e 583 EW (hkD) V2, sindsin20 (1=(4-9))nwy| F(hKD)]
Yo pE55 b= (1)
4L o = flagd = -
Thss U
o = . A SV A el Ny wherel, is the scale factory,, is the volume of the mag-
10 20 30 0 60 70 80 netic unit cell,f is the Bragg angle anah is the multiplicity

50
20 (deg) of the planenkl. The term{1—(§- &)y is an average over
: i all the equivalenfhkl} reflectionsq is the unit vector along
FIG. 4. Rietveld ref'nemem.pattem";AK for the (.a) OS. and the scattering vectosis the unit vector along the axis of the
(b) OR PrBaCuFe@samples using neutron powder diffraction data _ . : ; .
colinear magnetic structure and(hkl) is the magnetic

(A=2.41 A). The observed intensities are shown with dots and the . . .
calculated ones with the solid line. The solid line across the mag§tructure factor. From NPD data in a magnetic structure with

netic peaks of the OR sample is calculated by using the intensitietr@gonal configuration symmetry we can calculate only the

of Table Il and by assuming the same profile and scale factor as forr‘m’“-:’nm“je Of_ the m?gn?tic moment and the angle with the
the nuclear peaks. tetragonal axis. Taking into account the above remarks, the

magnetic structure factor for a magnetic unit cell with con-
S(R+3)= — S(R) [or S(R) = exp(k,-R)S(0)], whereR is a sta_ntsa,\,, by=+2ay, cy=2cy Which correspond to the
lattice vector and5(R), S(0) are the magnetic moments at
the lattice sitefR andO, respectively. The second family of ) ) _ _ _
magnetic reflections with indice$i§/2,k,/2,1,) comes from ~ F(hk)=(1—e™""W)(1—e™)(ppe®™'*+e™' pge 2""),
a spin arrangement with propagation vectoy=[3,3,1], (2
which implies thatS(R+c)=S(R) and S(R+a)=—S(R).
According to the above remarks three are the possible canwhere p;=(occupancy) (0.269x 10" 2emiu ) X §;Xf;
didate collinear magnetic models fé; and only one for Xexp(—=W,), § is the average ordered magnetic mom@mt
k,. These models are illustrated in Fig. 5. Bohr magnetonsug) for the jth atom in thej layer
Since the half-integer and integer Bragg reflections corre¢j=A,B), f; is the magnetic form factdt for the magnetic
spond to separate Fourier components they can be treatésh at thejth layer andw; is the Debye-Waller factor for the
separately. We may then solve the components of the spijth atom. Similarly, the structure factor for the reflections

[1/2 1/2 1]

k;=[1/2 1/2 1/2]

kg

FIG. 5. The possible collinear magnetic struc-
tures for thek, andk, propagation vectors. Filled
and open circles represent spin down and spin up,
respectively.
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TABLE IIl. Comparison between the observiegsand the cal-

culated| . integrated intensities of the observed magnetic reflec- 1400 ——r————
tions for the OR PrBaCuFefcompound at 4.2 K within the canted
model. Fé* and CU#" are occupying the site with=0.25. The Salong c-axis Sin a-b plane
I obs Were extracted from the experimental data by using as peak 1200
shape function the same with the one used for the nuclear structure_.
analysis. Thd ., were calculated by using Eql). %
2 1000 -
ki=[ 233 5
>
hkl Iobs (arb. Unit$ IcaI(S-LC) Ical(a‘c) |caI(S) § ¢
g 800 = &
i 996+ 10 708 1084 958 £ g g
113 320+ 10 484 280 336 . 8 o
11 96+ 10 208 56 100 600 < = -
SN 1.451) 0.0 0.12) N
Sy, 0.0 1.411) 1181 600 605 610 615 620 625 630
S, P 1.452) 1.41(2) 1.41(2) 20 (deg.)
Rg 40% 11% 2%
ky=[331] FIG. 6. (331) and (33) peaks of the 2 K-NPD pattern of the
OR PrBaCuFe@, , sample. The solid lines were calculated by as-
hkl lobs lca(SLC)  leafSIc)  1ealS) suming thatSLc and S|c axis, respectively.
11
ﬁi 1:;%: 1431824 1632;782 note that there might be an error in the estimation of the
22 mean magnetic moment, but the small contribution of the
223 3845 332 64 Cu?* moment does not alter appreciably the final result. To
Syx 1.532) 0.0 determine the magnetic structure, integrated intensity data
5220 0.0 1.532) from various reflections were compared to those calculated
S 1.532) 1.532) from several spin models. Finally in Table Il we summarize
Re 5.6% 25% the results of the analysis of the magnetic reflections.

3Due to the tetragonal configuration symmetry we suppose that

S,p is along thex andy axis for the propagation vectoks and

k,, respectively.

bs, = \/SZ, + SZ, (ordered moment per ion for thg magnetic struc-

ture).

°s,=\/SZ,+ 2, (ordered moment per ion for the magnetic struc-

ture).

which correspond to th&, propagation vector supposing a
constants

magnetic unit

cell

aM:bM:\/EaN, Cu=Cn is

with

cell

A. Analyses of the k, propagation vectors peaks

For the magnetic structure that is describedkqythere
are two possibilitiep,=pg of pao= — pg - The difference in
the calculated patterns between the two models is negligible
[because according to E@) for z~2, F?«4p2sir(m/4) or
F2xc4pacos(ml4) for pa=pg OF pa=—Pg. respectively,
so we cannot distinguish between them. The calculation with
the magnetic moment lying in theeb plane gave poor agree-
ment. A better result was obtained by assuming that the mag-
netic moment is directed along tleeaxis. Moreover, if the
magnetic moment had one component alongdtexis and

_ 4 _mithtk) 2 il — 2l
F(hkD)=(1-e™""Y)(pae™ A+ pge”™8).  (3)  w < other in theab plane, the agreement was significantly

For k, the absence of the magnetic Bragg peak wWith0 improved RM.=2%).. This.result can be extracted when we
implies that the summation of the spins of two adjacent lay-compare the intensity ratio between the peaks (1/2 1/2 3/2)
ers is zero which means that the magnetic moment of thes@nd (1/2 1/2 1/2), which depends only on the orientation fac-
layers is of equal magnitude but in opposite directionstor (1= (4-9)%) iy and not on the size of the magnetic mo-
(pa=—pg). This fact can be realized only if the layeps ~ Ment.

andB are equivalent. Consequenly=1—z, and the struc-

ture factor takes the final form B. Analyses of the k propagation vectors peaks

The parameters we have to estimate for the magnetic
structure described witk, is the size of the magnetic mo-
Since we have a large number of parameters and a smafient and the angle with respect to thexis. Although we
number of magnetic reflections it would be difficult to adopthave only three reflections available, there is a point which
two kinds of magnetic ions having different moments. Forplays an important role in the determination of the angle
this reason we considered that the magnetic ions occupy tHeetween the magnetic moment and thaxis. If we compare
z=0.25 position and that they are represented by a meaitie calculated and experimental patterns of the partially re-
magnetic moment. With this simplification, basically we usesolved reflections (3/2 1/2 1) and (1/2 1/2(3ge Fig. §, the
the structural description based on model Il in order to anaagreement is better with the spins lying in thle plane than
lyze the magnetic reflections. On the other hand, we musalong thec axis.

F(hkl)=(1—e™ ") 2ipsin(2712). (4)
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FIG. 7. Temperature dependence of the magnetic susceptibility 08 y=05
for the (a) OS and(b) OR PrBaCuFe@, , sample in both zero field , \ , ! \ | \
and field cooling modes. The measurements were performed in an 2 -1 0 1 2
applied magnetic field of 1 kG. Velocity (mm/sec)

Based on the above arguments, for the canted magnetic
structure model the ordered magnetic moments per ion e}t
2 K are estimated to beSk;]=1.34 ug [S(ky) o
=0.7%+1.1&] and §k,]=1.5% ug. The same analysis
can be applied at 100, 200, and 300 K, yieldiggk,]
—{1.27,1.09, 0.76 ug and Sk,]={1.53, 1.43, 1.1y  (Cu, Fe, and Br The parameterg,,C, and® were deter-
g, respectively. For the model with the incoherent mixturemined by a least-squares fitting in the range 73-300 K and
of domains with the two propagation vectors having thefor H=1 kG. From the estimated value of
same ordered momen8{2 ug), the two domaink, and  C=0.057+0.001 emu cm 3Qe *K !, we calculated the ef-

k, occupy 41% and 59% of the total volume of the crystal atfective magnetic moment .z= 3.32ug per magnetic ion and

FIG. 8. Massbauer spectra for the OR sampje~(Q) at 433 K,
r the AP sample {~0.26) at RT and for the OS sample
(y=0.5) at RT.

2 K, respectively. ©~ —22 K. The negative value @ indicates antiferromag-
netic correlations between the magnetic moments. Assuming
— _ e
V1. MAGNETIZATION MEASUREMENTS that Fe hasS=5/2, Cu hasS=1/2 and that for Pt* it is

J=4, L=5, S=1, the effective magnetic moment is

Figure 1a) shows they vs T curve of the OS sample for u.4=3.70 ug per ion, that is very close to the observed
an applied field of 1 kG. The zero field coolifgFC) mea- value. The difference may come from the fact that not all Fe
surement exhibits a change in the slope at 33X, while the  ions haveS=5/2 (e.g., FEé" hasS=3/2).
field-cooling (FC) branch does not coincide with the ZF  The magnetic susceptibility curve for the OR sample
branch below this temperature. This kind of anomaly, as théfrom 4.2 to 350 K is shown in Fig. b). Because of the
NPD data have shown, does not correspond to an antiferrdimitations of our magnetometer we were not able to observe
magnetic long-range order. Such an anomaly can be attrithe antiferromagnetic transition which, according to the
uted to the freezing of the magnetic moments in the timeMlossbauer results, occurs near 380 K. Least-squares fitting
scale of the measurement with the SQUID magnetometer. in the range 5—200 K gives for the paramagnetic contribution

The data were analyzed using the modified Curie-Weiss u.4=3.18 wg per magnetic ion an® = —20 K. For this
equationy=C/(T—®)+ xo with C being given by the re- caseN=1 (Pr), since Cu and Fe do not contribute to the
lation C=u2,N/3kg, whereN is the number of magnetic paramagnetic momenithey are antiferromagnetically or-
ions per unit volumeg. is the effective magnetic moment dered. The value of ues is close to that of
andkg is the Boltzman constant. For the OS sames 3 Prtd[J=4, L=5, S=1, ux(Pr3)=gyJ(J+1)=3.58].
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field. The hyperfine field values for both sites confirm the

100,0 g ' ' , ' identification of ferric iron in the high spin state.
i B ] The principal axis of the electric field gradient tensor is
99,5 |- . along thec axis and supposing thay=0 (an assumption

- 1 supported by the tetragonal symmetand thatq=V,,/e is
99,0 |- <

positive (as indicated from point charge calculation\6f,),
985 i OR (y=0) ] we can deduce the angle between the iron magnetic moment
e A (S) and thec axis from the values ot at 433 K and 4.2 K
98,0 |- | (for both componenté& andB). The result isf,=60°+2°

and fg=61°*+2°, that isf,~ 65 .

The spectra of the OS sample appear to be more compli-
cated. The RT spectrum shows an asymmetry, while the
4.2 K spectrum was adequately fitted with three sextets. The
first two have magnetic hyperfine fields and isomer shifts
that are both indicative of ferric iron in the high spin
(S=5/2) state. The third sextet withH~316 kG and
6=0.07 mm/s, nonexistent in the spectrum of the OR
sample, can be related to the extra oxygen that is inserted in
the unit cell as judged from its relative spectral area
(45%*5%) and the occupancy of the O%~0.5). Based
on the 4.2 K spectrum we fitted the paramagnetic RT spec-
trum with three doublets.

Spectra were also taken at 40, 70, and 100 K, in order to
see the effect of the susceptibility anomaly near 70 K to the
Mossbauer spectra. At 70 Krig. 10 we observed a broad
unresolved spectrum which could originate from a distribu-

100,0 R

99,6

Relative Transmission (%)

99,2
100,0 |

99,6

eTd o n o J0S =09 tion, or relaxation of hyperfine magnetic field, while at 100
) 4 0 4 8 K the spectrum is paramagnetic. At 40 K the spectrum is just
Velocity (mm/sec) like the one at 4.2 K. Therefore, the ¥&bauer spectra fol-
low closely the susceptibility anomaly at 70 K.
FIG. 9. Mdssbauer spectra for the OR+0), AP (y~0.26), The AP sample is expected to represent an intermediate
and OS y~0.5) PrBaCuFe@,, samples at 4.2 K. situation between the OR and OS samples. Indeed, we ob-

serve an increase in the intensity of component A with re-
spect to the OS sample. At 4.2 K all three components are
This result supports the exclusion of the Pr sublattice froninagnetically split. The relative area of t@ecomponent is
the analysis of the magnetic reflections for the OR sample.related to the extra oxygen if we take into consideration the
amount of the extra oxygen, which i&=0.26 for this
S sample.
VIl. MO SSBAUER SPECTRA
Figure 8 shows the RT Misbauer spectra of the OS, AP
samples and the 433 K spectrum of the OR sample in the
paramagnetic region, whereas the 4.2 K spectra are shown in Before discussing the crystal chemistry of PrBaCukeO
Fig. 9. The parameters obtained from the least-squares fit fave would like to notice that the positions for Cu, Fe, and
all the samples are listed in Table IV. O(2) in the OS sample obtained from x-ray and neutron dif-
The 433 K spectrum of the OR sample was analyzed witlfraction data are averaged over several oxygen coordination
two components, namelx and B (for labelling see Table numbers. The observed coordination polyhedron around Cu
IV). Their isomer shift values are typical of £ein the high and Fe is an average over microscopic configurations de-
spin state $=5/2). The presence of two components in thepending on whether the O4 site is occupied or not.
spectra is unexpected since our structural model contains Let us now discuss the changes that are caused in the unit
only one crystallographic position for Fe. An account for thecell by the removal of oxygen and try to connect them with
occurrence of two sites will be given in the discussion secthe differences in the calculated bond valence sUsS).
tion. As the temperature is lowered, near 380 K the twoWe have calculated the bond valence sums for the various
doublets start to collapse and in this way hefor the OR  atoms in the PrBaCuFeQ), structure using the relation
sample is estimated a§,=380+5 K. The RT spectrum of V;=Z2;exfd(r,—r;)/B] where the sum is over all the nearest
the OR sample exhibits an inhomogeneous broadening suateighbors, B=0.37, r,(Fe*"—027)=1.759, r (Cu?*
as in the case of the YBaCuFg@ompound or the other —027)=1.679, r,(Cu®"—027)=1.730, r,(Ba?"
members of th&kBaCuFeQ series’* At 4.2 K the spectrum  —027)=2.285,r,(Pr¥" —027)=2.138 and;; is the bond
consists of two components whose linewidth is close to théength between thé and j ions!’ The BVS calculations
instrumental resolutionI{/2~0.14 mm/$. A small inhomo-  were performed for the case of models Il and Il using the
geneous broadening is present and can be described phenotation-oxygen distances that were deduced from the refine-
enologically with a Lorentzian distribution of the hyperfine ment of NPD patterns. The results are nearly identical, for

VIII. DISCUSSION
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TABLE IV. Experimental values of the half linewidti/2 in mm/s, the isomer shiif relative to metallic
Fe at RT in mm/s, the quadrupole shifin mm/s, the hyperfine magnetic fiektl in kG, the HWHMAH of
the hyperfine magnetic field Lorentzian distribution which modulates the line widths, as obtained from
least-squares fits of the Msbauer spectra of the OS, AP, and OR PrBaCufk¢@ampless denotes the
eigenvalues of the Hamiltonian of the quadrupole interaction or of the quadrupole perturbation that are given
by the relations: = (1/4)e®qQ(1 + %?/3)*? and e = (1/8)e?q Q(3cogd— 1+ 7 sirfd cos2p) for the paramag-
netic and the magnetic case, respectivélyis the relative intensity. The numbers in parentheses are esti-
mated standard deviations referring to the last significant digit.

T Site r/2 P € H AH A

OR y~0

433 A 0.161) 0.2191) 0.11Q1) 83(1)
B 0.160) 0.241(4) 0.4464) 17(1)

300 A 0.15 0.3115) -0.0114) 3221) 33(1) 87(5)
B 0.15 0.318 -0.069 298) 332) 13(5)

4.2 A 0.1711) 0.4301) -0.0131) 5151) 3(5) 85(4)
B 0.1711) 0.4361) -0.0697) 509(1) 2(3) 15(4)

AP y~0.26

300 A 0.181) 0.3316) 0.1287) 43(3)
B 0.191) 0.351) 0.361) 25(4)
C 0.191) 0.031) 0.2954) 32(3)

4.2 A 0.18 0.409 -0.01 508) 6 553)
B 0.19 0.384 -0.01 478) 9 157)
C 0.191) 0.01(1) -0.165) 346(6) 702) 29(11)

0s y~0.5

300 A 0.1406) 0.2955) 0.1725) 232)
B 0.1725) 0.2628) 0.3825) 36(3)
C 0.1664) 0.0034) 0.3041) 41(2)

4.2 A 0.181) 0.4095) -0.0095) 4931) 5(1) 23(3)
B 0.231) 0.3842) -0.0059) 465(1) 12(9) 25(7)
C 0.171) 0.071) 0.001) 316(1) 43(1) 52(7)

the two models, except of course for Cu and Fe, since ac- As oxygen is removed from the system the various atoms
cording to model Il they occupy the same site, but accordingearrange themselves in the unit cell. Th&0atoms move

to model Ill they have different’s. The results of the BVS

towards the Pr layefby ~0.05 A) and in this way balance

calculations together with the cation-oxygen distances areut the removal of the @) atoms, so that no change is

listed in Table V.

100.0

99.8

99.6

99.4

Relative Transmission (%)

PrBaCuFeOs,,
0s T=70K

092 T MU BRI B |

Velocity (mm/sec)

FIG. 10. Mdcssbauer spectra
PrBaCuFeQ., sample at 70 K.

for the OSy~0.5)

observed in the Pr BVS. For Pr, the-3ralue means that Pr

is well suited in its cage for both samplé8S and OR The

Ba atoms do not have any(Q) neighbors to account for the
movement of the @) atoms, and so the oxygen removal
causes a valence change from 2(25) to 2.05(0OR). We

can deduce from these values that, for the OS sample, Ba is
under stress that is relieved by the removal of thd)@t-
oms. For Cu atoms, we observe a spectacular change in the
BVS values from 2.8@MR) to 2.1qOS) regardless of the
structural model. These values imply that for the OS sample
most of the copper+80%) is trivalent, while for the OR
sample all Cu is practically divalent. The+3valence of
copper in the case of model Il can be explained by the fact
that Cu shares with Fe the same site. However, regarding
model Ill, we believe that it just comes from the disorder of
Cu and Fe in more or less the sameThe important thing
about these BVS calculations is that for either modgland

lll), the average valence of t{€u,Fe atom is 3+ for the

OS sample, which assuming copper to be divalent implies
that, in average, Fe is tetravalent, in accordance to the aver-
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TABLE V. Selected bond Iengths and calculated bond Va'encerhe assignment Of the magnetic structure Ofkaq)ropaga_
sums for models Il and III. tion vector to the Pr sublattice is inconsistent with our data.
For the first propagation vector we could explain the data

Atom Madel Il Madel il supposing that the peaks come from the magnetic ordering of
0S OR 0S OR the Pr sublattice. However, this would require a transition
temperature for the Pr sublattice as high as 380 K. Such an
Sr-01)x4 2.773 2.776 2.773 2.776 explanation is in disagreement with data on Py8azO;
-0(2)x8 2.9932) 3.0596) 2.9932)  3.0646) and PrBgCu30g4, where the Pr spins order antiferromag-
Valence 2.28) 2.052) 2.252) 2.032 netically at 17 K(Ref.19 and 11 K(Ref. 20, respectively.

Moreover, for PrFe@ no magnetic transition was observed
Pr-0(2)x 8 2.5471)  2.4945) 2.5421)  2.4895) for the Pr sublattice down to 8 KRef. 2J). It is noteworthy
-0(4)X 4n 2.773 - 2.773 - that the ordered magnetic moment of*Fein the PrFeQ
Valence 3.047) 3.069) 3.047) 3.1009) compound is 4.14}) ug per iron at 8 K2 which is close to

the value deduced for the oxygen reduced PrBaCufF&Q
Cu-O(1)x1 2.0012) 2.0354) 2.032) 2.1139) K. The reduction of the F&" moment in PrFe@ has been

-0(2)x 4 1.9781) 1.9871) 1.9743) 1.9781) attributed to a weak Pr-Fe couplifg.
-0(4)xn 1.8772) . 1.852) . Let us now discuss the existence of two propagation vec-
Valence 2.70) 2.121) 2.805) 2.091) tors in the magnetic structure of the OR sample. As dis-

cussed in the magnetic structure section it can have two ex-
Fe-Q1)x 1 20012) 2.03584)  1.971) 1.8958) planations:(a) an incoherent mixture of domainsr (b) a

0(@)x4 19781) 1.9871) 19812  2.0163) canted model According to Rossat-Migndd the canted
_0(4)Xn 18772 - 1.912) _ model has to be considered instead of magnetic domains.
Valence 3 10) 2.632) 3'09{4) 2.693) The reason is that the existence of terms higher than second

order in the free-energy expression can remove the degen-
n equals 0.5 for the OS sample and 0 for the OR sample. eracy between the single and the midtistructures. We
could first assume that the magnetic character of Pr is exclu-
sively responsible for the two propagation vectors. However
age Fe valence deduced from dbauer spectroscopy. Also, the YSrCuFeQ,, compound displays a magnetic structure
for the OR sample it should be noted that the average vasimilar with OR PrBaCuFe®, ,,** where the ¥* ion (un-
lence of the(Cu, F@ atom is approximately 2:5, which like Pr®*) does not carry a magnetic moment. Consequently,
assuming copper to be divalent implies again that, in averthe explanation based on Pr magnetic character is not very
age, Fe is trivalent, in accordance to thesdbauer results as likely. If the O4 sites were completely empty, then only di-
well. polar interactions would be allowed. Filling these oxygen
As in YBaCuFeQ, it is Fe-OX Fe-O2(model Ill) and vacancies may also give rise to superexchange interactions
the values are practically the same. The average Pr-O dibetween théCu,Fe ions above and below the Pr layer, that
tances are 2.59 and 2.49 A for the OS and OR samplesnight explain the existence of two propagation vectors. In
respectively. In PrBaCu;0; _, the corresponding values are the case of YBaCuFef) , several transitions are observed
2.45 A fory=0 (that is 0.04 A shorter than expected, pro- as the temperature is lowered. Unlike PrBaCuke(d
vided “normal” Pr123 is on a straight line in thB-O vs  where the extra oxygen should be responsible for the stabi-
ionic radius plot and 2.48 A for y=1. Unlike lization of a magnetic structure with two propagation vec-
PrBa,Cu;0;_y, in the present compound the Pr-O bondtors, in YBaCuFe@,, the amount of the (@) oxygen is
length decreases upon removing oxygen. In Prid@ av-  quite small to have such an effect. So, only an incommensu-
erage Pr-O distance is 2.54 & rate magnetic structure develops with a small contribution
According to the BVS values, it turns out that=0 for  from k.
the OR sample ang~0.6 for the OS sample. Both values ~ We now turn to a discussion of the ldsbauer spectra.
are in excellent agreement with the value obtained from thdhe first one is the presence of two components in the 433 K
neutron data. spectrum of the OR sample, an unexpected behavior since
The cell constants and the unit cell volume increase asur structural models predict only one position for Fe. Com-
oxygen is removed from the structu¢as in other systems ponentA is the structurally predicted five-fold oxygen coor-
such as YBaCu;0;_,) probably due to the electrostatic re- dinated Fe position. A first explanation of componénts
pulsion between the cations which becomes larger as tharising from an impurity phase can be easily ruled out since
intermediate(bridging oxygen ions are removed. Alterna- both our NPD and XRD data do not reveal the existence of
tively, it can be explained from the decrease of the iron’ssuch a phase and especially with-d45% weight. Additional
valence state, but in the end this is just a consequence of trspport is provided from the Misbauer spectra, since their
rearrangement of the various atoms. This picture is also corevolution with temperature shows that this component be-
sistent with the movement of both the Cu and Fe atoms awagomes magnetic together with componet Having ex-
from the Pr layer. Especially for the axis, the absence of cluded the impurity origin of compone, we can attribute
O(4) atoms dictates to the Pr ions to move away from theirit to a second nonequivaleiifrom the Massbauer point of
initial positions in order to minimize their electrostatic repul- view) Fe site in the structure. This can happen either with a
sion. part of Fe being octahedrally coordinafeflie to some rem-
We now turn to the probable ordering of the Pr sublatticenant Q4) oxygenl or with some Fe occupying not the




55 STRUCTURAL, MAGNETIC, AND MOSSBAUER STUDIES ... 407

z=0.25 but thez=0.27 position, which is normally occupied decreases with increasingor equivalently with increasing

by Cu. A third explanation consists in having Cu and Fe inthe rare earth ionic radius. Therefore, in Pr and Nd the O4

different (successivelayers with a small amount of Fe re- sites are expected to have larger occupancy than the samples

siding at the copper plane. for rare earths with smaller ionic radius. When comparing
The existence of two nonequivalent Fe sites, combine®ur previous datdRef. § with those of the Pr member we

with fluctuations of the hyperfine parameters due to disordermust take into account that the former samples were pre-

ing effects, can explain the inhomogeneous broadening th&ared by quenching of the samples from 980 ACderies

is observed in the RT spectrum of the OR sample. and by heating thé\—senes sam_ples in the TGA apparatus up
The second interesting point is that while thé $dbauer 0 900 °C B serieg, whereas in the present work we have

spectra for the OS sample are magnetically split, the NprFtudied oxygen reduced, as-prepared and oxygen saturated

data even®2 K do notshow long-range magnetic order. The samples. Thus, the OR sample can be compared with the

broad, magnetically split spectra close to 70 K imply that theB'SE}rIeS samples, the as-prepared sample withAtiseries

rate of the iron spin fluctuation is comparable to the Larmors.amples.’ bu; the O.S sample has no equivalent. The addi-
frequencies of the nuclear moment £0~° sed. Near 70 K tional site (site B) in the Massbauer spectra of the OR
the Massbauer spectra for the OS sample might be explaine mple originates from some remnantoxygen, maybe

by the f . fthe E : fol fE . ue to the large ionic radius of Pr. This is the reason we
y the reezing o t ere sp!r(sr orc uste.rs of Fe spipsat observed a paramagnetic spectrum for the AP Pr sample at
random directions with varying local environmeikecause

i RT, whereas the corresponding Nd sam ries shows

we have a variety of |:?9+., Feé'', Fe", and C‘F ran- 3 broad relaxed spectruEn at &%egardingﬂfﬁg-series Nd
domly distributedl. The spins freeze randomly with respect sample, whose equivalent is the OR sample, it has a hyper-
to the ¢ axis provided that there is no anisotropy energy fine field of 347 kG at RT, whereas for the OR Pr sample the
Spin freezing is also consistent with the anomaly observe@lyperfine field at RT is- 320 kG. The absence of component
around 70 K in they vs T curve of the OS sample. B in the B series must be due to the small amount of remnant

The last question, concerning the B&bauer spectra, is O(4) after heating in Ar. Componer was absent in the
the nature of theC component. Unequivocally, it has to be A series because it corresponds t@ Fand therefore it ap-

related to the additional oxygen within the rare earth layerpears only after having exceeded a certain degree of oxygen-
Its hyperfine parameters suggest that it originates from Fation.

that is in a valence state higher thatt Xhat is either 4 or

5+. A simple charge balance calculation for the OS sample

demands that, supposing Cu is divalent, all the iron should IX. SUMMARY AND CONCLUSIONS

be transformed to F¥. The unquestionable presence of . .
Fe3*, through componentd and B, is the convincing evi- We have studied the PrBaCuFgQ compound for dif-

dence that componer@ originates from Fe atoms whose férent oxygen contents with x-ray and neutron powder dif-
valence state is-5. fraction, TGA, magnetic susceptibility, and gbauer spec-

To shed more light to the nature 6f component, we are troscopy. TGA measurements and neutron diffraction data
going to compare our data with those of well-studied, struc/€vealed the presence of additional oxygen in the Pr layer
turally similar compounds. The first such compound is theWith occupancy 0.5 for the OS and 0.26 for the AP
cubic perovskite SrFeQ a most typical case of octahedral S8Mples The OR sample exhibits antiferromagnetic long-
d“(tzg?'eé ,S=2) high-spin F4* configuratior®® More com-  '@nge order WlthTN=38_1t5 K, yvhereas for the OS sample
plicated behavior is observed in the case of the oxygenrJ,0 long-range magnetu.:.order IS observ'ed' dor2 K ob-
deficient perovskite phase SngQ,.ZB And finally, we con- viously due to the additional oxygen within the Pr layers.
sider CaFeQ?’ representing the case of %’ through The neutron diffraction data were analyzed with two propa-

i -, =[ 111
charge disproportionation. In order to compare the presergat'On vectors(from 300 down to 2 K k;=[535] and
hyperfine parameters with those of the above mentionet?

=[331]. The magnetic structure can be interpreted by con-
compounds, we will use the data at low temperatures. AsSidering either a noncolinear magnetic structure or a mixture
suming, that componer@ corresponds to F¥ , then itsé is

of magnetic domains, with the former being more probable.
considerably smaller than that of SrFgQvhile H is prac-

It would be very interesting to elucidate this problem by a

: : : ingle-crystal study. The Mmsbauer spectra for the OR

tically the same. Comparing our data with the/f8) com- sing ; -

ponent of CaFe@, it can be seen that there is a very goodsample were analyzed with two Fe (S=5/2) components,

agreement between th&'s, while Hq is 37 kG greater while for the OS sample the extra oxygen creates holes in the
’ eff .

Therefore, our data can be explained by assigningGhe

(Cu, Fe layers and as a result Fe appears in a mixed valence
component to F&" and componentA and B to Fe**,

state. Indeed, the presence of Fe in a valence state higher
within the frame of charge disproportionation. An alternativethan 4t is unambiguous.

explanation is that th€ component originates from Fe ions

whose electrons are delocalized, following the arguments of

Gibbs regarding th& component present in SrFgQ,. A ACKNOWLEDGMENTS
component with similar isomer shifté&0.03 mm/$ has Partial support for this work was provided by the E.E.
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discussed in Ref. 5. In that work it was established that search and Technology.
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