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The structure and magnetic properties of the compound LaBaCuGd@ve been studied for the non-
stoichiometric oxygen concentratiat=0.6. The structure is pseudo-cubic with a tripled perovskite unit cell.
The crystal structure was determined by a combined Rietveld fit to neutron and synchrotron x-ray powder
diffraction data in the orthorhombi®mmm space group, with cell parametem=3.92233) A, b
=3.936@3) A, c=11.70738) A, andVv=180.742) A3 (room temperatupe Antiferromagnetic ordering of Cu
and Co magnetic moments is observed belom2DK. The magnetic structure with ced),=2a, by, =2b, and
cu=2c, could be described with the Shubnikov space grBopmni. The magnetic moments of both equiva-
lent Cu/Co sites were determined at 50 and 170 K to be(8)g3 and 0.583)ug, respectively, consistent
with one unpaired electron per atom. The fit of the intensities to a simple mean field magnetic model appeared
to be insufficient to account for the variation of moments at temperatures cldgenbile a three dimensional
Heisenberg model could improve the fit. Susceptibility measurements between 4 and 350 K also show irre-
versibility below 150 K. The local environments of Cu and Co were studied by extended x-ray absorption fine
structure spectroscopy at both absorption edges. Cu atoms adopt an elongated octahedral or square-based
pyramidal oxygen environment which suggests mainly the presence @f) Qu the structure. Co adopts
different local environments, depending on the electronic and spin states.

DOI: 10.1103/PhysRevB.71.144405 PACS nun®er75.25+z, 61.12—q, 61.10.Ht

[. INTRODUCTION bination of cobalt and copper oxygen layers, where the spin
states and magnetic ordering of a cobalt structure could be

Oxygen-deficient perovskites are lamellar oxides Withgy  qiad in the presence of a cuprate network.

strong correlations between structure, magnetic and transport The syydy of cobalt oxides has attracted additional interest
properties:— The strong overlap of the unfilleddelectron g 10 the existence of various spin states for a given oxida-
orbitals of the transition metal atoms with the oxygem 2 tjon state!’-30The reason for this is the similar values of the
orbitals plays a key role in the behavior of these oxides. As antra-atomic exchange energd,) and the crystal field split-
consequence many physical properties such asTigliper-  ting (A,;) due to the octahedral and pyramidal environments.
conductivity, colossal magnetoresistivity and piezoelectricityThys, thermal effects are very important for the spin states
are noted. The importance of these properties has justifiegresent in these systems, since the electronic configuration in
the extensive work performed on these systems. these 8 orbitals is very much temperature dependent.

The RBaM1M20s,; series (R=rare earth or yttrium, Cobalt in these oxygen-deficient perovskites is mainly in
M1,M2=transition metal ionshas been widely studied the Cdlll) oxidation state. The possible spin states are then
since it involves the presence of two layetd10, and  as follows*~’ Low spin (LS) tggegl (S=0); intermediate spin
M20,, where it is possible to combine different kinds of (IS) t3 et (S=1), and high spin(HS) t3,€; (S=2). At low
transition metal atoms, in an ordered or disordered networkemperature, the LS and IS states are energetically more fa-
The first studied system was YBaCuReQYBCFO), due to  vorable, and transitions from LS to IS and IS to HS are
the structural similarity to the highl, superconductor expected upon warming. YBaCuCgQyBCCO), the proto-
YBCO#-10 The RBaCuFeQ system(RBCFO) has shown type of theRBCCO series, is an antiferromagnetic insulator
very interesting magnetic properties, dependent on the rar@nd crystallizes in the tetragonal space gredgmmm with
earth (RE) atom sizet!~%6 Thus, incommensurate and com- Ty=5363) K, u=1.492)ug [room temperatur¢RT)] and
mensurate antiferromagnetic superstructures have been rigs magnetization follows a simple mean field motfel.
ported for YBCFO and for TMBCFO and LUBCFO, respec- A systematic structural and magnetic study of
tively. At the other extreme, LaBCFO showed a bodyRBaCuCoQ.; compoundsR=La, Pr, Nd, Sm, Eu, Dy, Er,
centered orthogonal structure—a pseudocubic model—witnd T has been performed using synchrotron x-ray and
the same occupation site for lanthanum and barium thateutron powder diffraction, magnetic susceptibility, and ex-
yielded a magnetic structure differing from the other mem-tended x-ray absorption fine structyeeXAFS) spectroscopy
bers of the series. Still another system of interest is theechniques. The present work reports the crystal and mag-
RBaCuCoQ, ;s series. This series presents the attractive comnetic structure of LaBaCuCaQs;, with an unusually high
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nonstoichiometric oxygen conterd~0.6, LaBCCO, in the A neutron absorption correction was applied using a com-
temperature range 7.5—300 K. The structure and magnetisputed value ofu-R/\ and the Lobanov and Alte da Veiga
of the other members of the series will be published elseeorrection function implemented in the same package.
where. Anomalous scattering factors for x-ray were taken from the
web site: www.bmsc.washington.edu/scatterfa@ex.html
Il EXPERIMENTS and checked with thePRIME®® program.
X-ray absorption spectra at the ®uand CoK absorption
The preparation of the sample was performed by the staredges were collected at room temperature in transmission
dard solid state reaction technique.,0g (99.9%, Aldrich, mode on the XAS beam line at LNLS. Four spectra, each
CuO (99.9%, Aldrich, BaCQO, (99%, Sigma and taking about 30 min, were averaged to give the final data
C0304 0241) (nominal Ca0,, 99.9%, Sigma, exact Co con- sets.
tent determined by atomic absorption analysiere ground The EXAFS data were analyzed in the standard way using
together in stoichiometric amounts. Pellets of the resultinghe IFEFFIT® suite of programs. This analysis included the
powder were heated in air at 850 °C for 6 h for decarbon-normalization of the extended fine structure to the absorption
ation and then heated at 950 °C for 24 h. Four additionakdge step energy and height, removal of a nonoscillatory
steps of grinding and heating cycles in an open crucible werbackground curvature, conversion to photoelectron wave
performed at 970 °C to achieve a pure sample. Purity wagector (k) space, and Fourier transformatiofT) to radial
checked by conventional x-ray powder diffraction using a(r) coordinates. The peaks were Fourier filtered and back-
SEIFERT Scintag PAD Il diffractometer with GG« radia-  transformed intdk space. LaCuQ, and LaCoQ were used
tion. The nonstoichiometric oxygen concentration was deteras reference compounds to analyze thekCand the CK
mined from a combined Rietveld refinement of neutron andedges spectra, respectively. The bond lengths derived from
synchrotron x-ray powder diffraction data. The neutron pow-the neutron powder diffraction analysis discussed in this pa-
der diffraction data were collected on the BT-1 32-detectoper were used to generate the paths for the analysis. The
neutron powder diffractometer at the NIST Center for Neu-regions selected for filtering were 1.4-2.5 A and 1.4-2.7 A,
tron Research? The sample, with approximate weight 15 g, for Co and Cu, respectively.
was transferred to a vanadium contaiflength 5.1 cm, o.d. The evolution of magnetic properties with temperature
1.1 cm. The instrument settings were a Btl) monochro- was followed using a Quantum Design superconducting
mator with a wavelength of 1.5408 A, a take-off angle of quantum interference devi¢8QUID) magnetometer.
90°, and in-pile collimation of 15 min of arc. The beam was
masked to 5.1 crx 1.1 cm at the sample. Data were col- o1 La/Ba
lected for 8 h for each at=295, 50, and 170 K over the — P
range 3<26< 165 degrees with a step size of 0.05°. T

The synchrotron x-ray diffraction data were collected with

a Huber six-axis diffractometer, in reflection geometry 04 — 03
(Bragg-Brentano powder diffractiorusing the instrument at @-- = @
the D12A-XRD1 station at the National Synchrotron Light Cu/Cd1
Source(LNLS) in Campinas, SP, Brazil, working at 1.3 GeV o2 Lalpaz
and a nominal ring current between 100 and 250 mA. The ® @ €§ ® D
energy of the incident radiation was fixed approximately at

9.67 keV to achieve maximum photon flux at the sample. 05
The experimental wavelength and instrumental peak shape o [
contributions were obtained from a Rietveld fit of a powder e- l v

pattern of an yttria standard sampfa=1.283 266) A]. Cu/Cqp
Scans were performed between 0.5 and 9 At steps of

0.001 A1 in g space with constant monitor counts per step, ® ® QE ® ®

with total approximate collection time of 1 h. Magnetic order
parameter measurements were performed at triple axis spec-
trometer BT-7 at NCNR? between 7.5 and 250 K using a @._ 3 %
Ge&(311) monochromatorA=2.0775 A in the 6—26 scan

mode. The diffracted intensity was collected for 10 min at
steps of 5 K with the detector fixed at the maximum of the
magnetic peak. After that, 11 scans of the peak were per- —
formed at different temperatures to confirm the consistency

of the previous temperature scan and obtain integrated inten- g, 1. (Color online ORTEP view of one unit cell of

sities to evaluate the evolution of the magnetic ordering. LaBaCuCoQ ¢ at room temperature in tfemmmspace group with

The Rietveld refinements were performed usingdBas/  |abeling scheme. Ellipsoids are shown with 60% probability. Note
EXPGUI suite of program®-3* applying the Thompson, CoX that O1 and 02 atoms display occupancies lower than unit so the
and Hastings modified pseudo-\Voigt peak shape function anectahedral coordination of Cu/Co atoms could be pyramidal in
a shifted-Chebyshev polynomial for background descriptionmany cases.
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TABLE I. Final structural parameters for the refinement of LB- g’

CCO at RT. =il 7

Space groupPmmm a=3.922 3130) A, b=3.9359733) A, 5

c=11.70738) A, V=180.73924) A3 §

Atom Site x vy z W (102A%2  SOF ; g_ . 4

Lal la 0 O 0 1.26 0.2581) p ,

Bal la 0 0 0 1.26 0.74881) 5

La2 21 0 0 0.337%) 1.26 0.62816) ;

Ba2 271 0 0 0.337%) 1.26 0.37716) o T AT L i mam i e s ik e |

Cul 2 05 05 0.174®) 112 0.43711) A e e

Col 2 05 05 0.174®) 112 0.56811) ol.o 2o|.o 4o|.o 6(;.0 sol.o 10|0.o 12|o.o 14|o.o 1s|o.o

cu2 lh 05 05 05 1.12 0.6281) (@) 20(deg)

Co2 1h 05 05 0.5 1.12 0.3721)

o1 f 05 05 0 4.18 0.9720)

02 2 05 05 0.33081) 418 0.71912)

03 X 05 0 0.177(6) 4.26 1 ~8f 4

04 2 0 05 0.177426) 4.26 1 2"

05 d 05 0 0.5 3.17 1 3

06 g 0 05 0.5 3.17 1 BE- .
S value (based on LaBaCuCaQs)=0.61(3) EV:

Global Rwp=7.78%, Rp=4.96%=1.984 for 61 variables A

8U¢q=0ne-third of the orthogonalized;; tensor. o ™ . '1','"1 ':_"":,"""' e i o ]

I” RESULTS 2(;.0 40|.0 SC:.O BOI.O lOIO.O 12|0.0

b e
The crystal structure fitting for LaBCCO was performed ® 20(0e

by joint neutron and synch_rotro_n x-ray data refinement at F|G. 2. (Color onling NPD (a) and SXPD (b) patterns of
room temperature. The major high angle peékg>20°) LBCCO fitted by the Rietveld method with themmmstructural
of the neutron powder pattern and all the peaks in the x-raynodel described in Table | usingsAs/ExPGuUISUite of programs.

pattern could be indexed in a cubic unit cell witp _ R
~3.91 A but the typicaPm-3m disordered oxygen-deficient 1€2ds to the final structural model shown in Fig. 1. The
atomic coordinates, occupanci€s0OP, and thermal param-

perovskite structural model was not able to index all the ters, together with nonstructural parameters and residuals
neutron diffraction intensities. The presence of a very smalf'€'s; 109 P '

oo - . are shown in Table | and the fitted patterns in Fig. 2.
peak at 2=75° (d=11.7A in the neutron pattern The site occupancy for La/Ba and Cu/Co pairs were re-

indicated a likely superstructure witb~3ap since there  aq in order to find a possible ordering of cations in the
is noA/3 componen_t in the .neutron beam. Both pOWderstructure, as observed in LadBa, £Cu;0,.53" The results are
patterns were then indexed in a tetragonal eeb=ar ot conclusive due to the appreciable correlation between the
andc~3ap. The tripled cubic structural model proposed is SOF and thermal parameters. The oxygen content derived
similar to the one found for the L&Ba& CO7.s  from the refinement of the O1 and O2 occupandiés
compound®’-3%-*1 The atomic positions in the tetragonal =0.613)] yields a mean oxidation state of th€u/Co pair
P4/mmm structure proposed for that compound are Baiof 3.11+. This could be achieved with the complete or partial
2h [2=0.18, SORsite occupation factgr0.75], La: 1d  qxjdation of Cull) into Culll) or Callll) into Ca(IV).
and % (z=~0.18, SOF=0.2p Cu: 1a and 3 (z=0.39), O: The Cu/Co-O bond distances are shown in Table II.
29 (z=0.16, 4i (z=0.37, 2f (SOF~0.7) and b (SOF These bond distances are consistent with those observed in
~0.1). Applying the same model to the LaBaCuCq@for-  La, Ba, <Cu;0,.5 Where, depending o, the amount of
mula leads to the possible substitution of the whole Gai: 1 Cu(lll) could increase to one-third of the total atofhs.
and 0.25 Cu: g sites with Co, or half of Cu atoms in each ~ The typical square-planar conformation of (L) ex-
site. pected in this structure can only occur when oxygen vacan-
The initial refinements with the first substitution rapidly cies are paired at both Cu apical sites. This could only be
showed that the symmetry of the network must still be low-achieved at the i site, where the probability of finding an
ered, as some very small peaks in the neutron diffractiomxygen deficiency above and below is higher, as the O2 oxy-
pattern remained unindexed. Further, site segregation for Cgen occupancy for each ites is 0.78, in comparison to the
and oxygen vacancies was suspected. 0.98 occupancy for theclsite. However, the presence of a
A symmetry decrease to the orthorhomBloimmspace symmetric octahedral Gll) environment as in LaCuQ
group with a shift of origin to the tetragonah2position  (Ref. 38 cannot be ruled out.
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TABLE II. Selected bond distances from Rietveld refinement of

LBCCO at RT(A).

PHYSICAL REVIEW B 71, 144405(2005

10000

Cu/Cd1)-O(1)  2.0369) Cu/Cd2)-O(2)  1.98412) ,”;
Cu/Cd1)-0(2) 18239 Cu/Cd2)-O(5) 19649819 &5 _
Cu/Cq1)-O(3)  1.96536) Cu/Cd2)-O(6) 19583316 <3t . .
Cu/Cd1)-O(4)  1.95866) Z
) Lika M

Another feature that should be mentioned is the relatively <
wide peaks observed in this sample, both by neutron or syn-
chrotron x-ray diffraction. This peak width should come
from a wide range ofd-spacings in each cubic direction, o 00 0 e o 30 1005 200 100 Teoo
allowing different 1x 1 X n cells to be consistent with them. (@) 26 (deg)

Two factors lead to the appearance of pseudoextinctions
in the x-ray diffraction pattern. Since the La/Ba and Cu/Co
pairs have nearly identical x-ray scattering power with
feaia™~ 2fcuico (Zco=27,Z¢cy=29, Zg,=56, andZ, ,=57), dif-
fraction intensities are approximately zero for several reflec-
tion classes. This also leads the 001 reflection to be very
weak for the X 1 X 3 cell; the structure factor is dependent
on the difference between populations of the O1, O2, and3
03/04 sites, which are nearly the same. For this reasors
the x-ray indexing is insensitive to the choice ofaxis ¢
length, while the neutron pattern can only be indexed with a 2 A
1X1x 3 supercell.

An alternate explanation, that the phaseR@&CusO1 4.5,
could be regarded as a mixture of phases of variable COMpPO o 200 o0 0.0 800 1000 1200 1400 1800
sition, was offered by Domenges al*? We feel that this is (0 20 (deg)
improbable in this system due to the consistency between the _ )
structural results obtained with different sample preparation F!G: 4- (Color onling Fitted NPD patterns for LaBaCuCg@t
batches and different synthetic techniques. Moreover, a re2 20 and(b) 170 K with a magnetic moddtmmm. Upper verti-
cent study by Ruiz-Gonzaleet al3 describes the inter- cal lines show magnetic peak positions while lower vertical lines
growth of 1X 1x 2 and 1x 1x 3 oxygen deficient perov- represent peak positions for the nuclear model.
skite type layers in the LaBaCuCg® sample during i
reduction to LaBaCuCog), based on @electron diffraction, =3-93523) A, and ¢=19.5392) A based on a conventional
HREM and powder diffractometry(for the composition XT&Y diffraction pattern. An increase in the oxygen content,

LaBaCuCoQ ). They have refined the LaBCCO structure in @S in our sample, could lead to the stabilization of the
a 1x1x5 tetragonal P4/mmm unit cell with a 1X1X3 layers, over the X 1X2. We see no evidence of

peaks belonging to a1 x5 phase in the neutron or syn-
chrotron x-ray powder diffraction diagrams.
The neutron powder patterns collected at 50 and 170 K
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show the presence of two peaks, #=219.5° (d~4.52 A)

and 2~38° (d=2.32 A) that are absent at RT and whose
intensity decays with temperature as is shown in Fig. 3. A
long range magnetic ordering of Cu and Co atomic moments
was proposed to explain the position and change in intensity
of both peaks. Two different magnetic models are consistent
with these peaks. Use of a magnetic cell witky=by,

~ \2a, andcy = 2a, indexes these reflections as ti®1)

and (211, reflections. This magnetic cell is consistent with
the pseudo-cubic structural model. An alternate model treats
the lowering of the nuclear symmetry by doubling the ortho-
rhombic Pmmm1X1X3 cell to obtain an orthorhombic
face-centered cell. This indexes the magnetic reflections as

20(deg) . . .
* (113 and (313¢. In both cases the magnetic ordering is
FIG. 3. (Color onling NPD patterns collected at 50 and 170 K, consistent with an antiferromagnet{e-type arrangement,

and RT, the evolution of the intensity of the magnetic peak @&t 2

=19° is shown in the inset.

where the six closest neighbors of each magnetic atom have
a moment opposite to the central one. If the cubic model is
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TABLE Illl. Final structural parameters and residuals of the

NPD patterns at 50 and 170 K.

PHYSICAL REVIEW B 71, 144405(2005

TABLE IV. Structural parameters obtained from the EXAFS
analyses using L&£uO, and LaCoQ as referencesAk (A 1)
=3-12. Modelsx3 and X2 correspond to thaXx aXx 3a to thea

TemperatureK) 50 170 X ax 2a unit cells, respectively.
Cell parameters a(A) 3.91485  3.91675) Model Bonding Site1 N R(A) 10°A¢? (A?) Occupancy
b (A) 3.92666) 3.92945)
¢ (R) 11.680911) 11.69001y <3 ~ €00 11 22 22'(? L 08
V (A3 179.566) 179.926) 1 07 21
Atom (site) Parameter 1 07 21
Lal (1a) U102 A2)2 2.03 2.27 Co-O 2 2 18 1 0.2
SOF 0.426) 0.406) 2 2 18
Bal(la) Ue(102A2)2 2.03 2.27 2 14 20
SOF 0.586) 0.60(6) X2 Co-0 1.0 20 4
La2 (2q) z 0.33897)  0.33877) 2 20
Uel(102A2)2 2.03 2.27 2 20
SOF 0.5428)  0.55127) X3 Cu-O 1 2 19 0.7 Undetermined
Ba2 (2q) z 0.33897)  0.33877) 1 2 19
Ueg102A2)2 2.03 2.27 1 19 22
SOF 0.4588  0.44927) Cu-0O 2 2 19 4 Undetermined
Ccul (21) z 0.178711) 0.178G11) 2 2 19
Ueg102A2)2 1.96 216 o 2 1'29 i; .
SOF 0.46615  0.44714) '
Col(2t) z 0.178211) 0.178Q11) 2 19
1.8 22
Ue102A2)2 1.96 2.16
SOF 05345 0.55314 considered, then the magnetic structure could be modeled
Cuz (1 Ueq10° A%° 1.96 2.16 with the aid’ of the Shubnil?ov space grolgm’m (No. 229
SOF 0.56830)  0.60629) (Ref. 44 while if the orthorhombic model is considered the
Co2(1h) Ueg(102A%)2 1.96 2.16 Fmmni (No. 523 space group should be used. In the first
SOF 0.43130)  0.39429 case one independent Cu/Co position results, but in the sec-
01 (1f) Ue102A22 3.84 3.96 ond one, two independent .positions with _opposite magnetic
SOF 0.88234)  0.86432) moments are needed, as in the respective nuclear models.
02 (21 , 0331414 0.331513) Both of th_e cases Iea_ld to the same result, sd:ﬂme"_lm one
was considered, as it was the simplest to combine with the
Ueg(10 A%)® 3.84 3.96 Pmmm A second phase withy,=2a'\, with only magnetic
SOF 0.67019) 0.66418) scatterers was included in the refinement of the NPD patterns
03 (29)? z 0.178136) 0.177239) obtained at 50 and 170 K in order to model the magnetic
Ue 102 A2 557 5.80 peaks. Cell parameters, coorqinages, ahdof the Cu_ and
04 (21)2 . 0.175G36) 0.175240) Co nucleqr and magnetic contributions were constrained con-
Ued 102 A2)2 557 5.80 veniently in both phases and the magnetic moments of both
positions were refined keeping equal modulus and opposite
05 (1d)° Ued 102 A2) 3.72 4.03 directions. The fitted patterns are shown in Fig. 4 and the
06 (1g)° Ueg(102A2)2 3.72 4.03 final coordinates and magnetic moments of magnetic sites

S (for LaBaCuCoQ,,)
u Cu/Co site(ug)
Residuals
Rup (%)

Rp (%)

X? (# of parameteys
Ra/Ry (%)

0.485) 0.465)
0.82829) 0.55734)

5.81 5.43

4.74 4.41
3.905(46) 3.322(46)
8.81/38.47 7.80/42.56

@U¢q=o0ne-third of the orthogonalized;; tensor.

bFully occupied

O site$SOF=1).

are shown in Table 111

The magnetic moments of both Cu/Co sites in fmemm
model converged to 0.83)ug and 0.583)ug at 50 and
170 K, respectively. This implies that a maximum of one
unpaired electron per magnetic site should be pregmnmt-
sidering a typical spin-only contribution fordXations.

The main results obtained from the EXAFS analysis are
presented in Table IV. The FTs and the inverse FTs for the
1X1x3 and IXx1X 2 cells, for CoK and CuK are shown
in Figs. 5 and 6, respectively. As can be deduced from these
figures, the Co environment has significantly improved with
the existence of two different sites aséaix ax 3a case. The
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T

FIG. 5. (Color onling The FTs of raw EXAFS and of the fit d?y(k) for CoK according to(a) the ax ax 3a and(b) theax ax 2a
models. The inverse FT&x(k) for CoK according to(c) thea X ax 3a and(d) theax a X 2a models(blue and red line, experimental data
and model fit, respectively

| X(R)|(A®)
| x (R (A*)

0.5 -
< | ] =
3 0K g
= [ ] =
g 1 &
-0.5- ]
-1 [ I I ]
0 5 10 15
(© k(A (d) k(AYH

FIG. 6. (Color onling The FTs of raw EXAFS and of the fit d?y(k) for CuK according to(a) the ax ax 3a and(b) theax ax 2a
models. The inverse FT&x(k) for CuK according to(c) theax ax 3a and(d) thea x a X 2a models(blue and red line, experimental data
and model fit, respectively
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Integrated Intensity (arb. units)

T T
0 50 100 150 200 250 300
Temperature (K)

T T T T T T T T T T
Q 20 40 60 80 100 120 140 160 180 200 220

(a) T(K) FIG. 8. (Color onling FC (high) and ZFC(low) branches of the
magnetic susceptibility of LaBaCuCg@

=1/2,intermediate spirs=3/2 orhigh spinS=5/2) suggest
not only different ionic sizegarising from different oxida-
tion stateg but also the possibility of Jahn-Teller and non-
Jahn-Teller ions, which could be better fit with a double-site
model.

The analysis of the electronic and spin configurations of
Cu(ll), Culll), Calll), and CdlV), together with the con-
sideration that the mean Cu/Co site valence should be close
to 3+ (obtained from the value of the nonstoichiometric oxy-
gen contentd=0.5 indicates that two possible electronic
and spin configurations of Cu and Co more accurately de-

scribe the magnetic behavior at low temperatures.
T T T T I T T T T T There are two poss:,ible models that. agree with the low
(b) 7K temperature neutron diffraction data refinements(liQlow
spin-CalV) (each S=1/2), or Culll)/intermediate spin-

FIG. 7. (Color onling (@) Integrated intensity of th€101)y,  Co(lll) (copperS=0 and cobalS=1). In both cases there is
peak as a function of temperature from 7.5 to 205 K with a meanone unpaired electron per site. Based on the results obtained
field model fit. (b) LSfit of the exponential functionu=w, (T-  from the EXAFS analysis, the first configuration seems to be
Ty)? to the integrated intensities close to the transition temperaturgnost significant. Of course the possibility that both configu-
with #=0.376 fixed for a Heisenberg 3D critical modBko  rations coexist with different proportions in the compound
=1.104)ug, Ty~205.044) K. cannot be ruled out. In order to maintain charge balance,

Cu environment, however, does not exhibit any difference U1 (S=0) and Calll)—probably in the low temperature

Moreover, the EXAFS analysis for Cu shows two sites forstable LS configuratioiS=0)—could also be present, thus,
the ax ax 3a model that converged practically to the samenot contributing to the magnetic moment.
environment, and this result has been obtained for the 1 The evolution of the integrated intensity of t(i&01),,
X 1% 2 model as well. For this reason the occupancy forreflection with temperature is shown in Figa¥. This allows
each site could not be unambiguously determined. The coothe ordering temperature to be determinedgs 2054) K.
dination sphere is then an elongated octahedron, in agre&his variation could be fitted by means of simple mean field
ment with the one expected for the Jahn-Teller ionIQu  model, where the only interaction between the magnetic ions
([Ar]3d;® S=1/2), not a symmetric environment as would is the effective field due to the neighbors. Generally a mean
correspond to the non-Jahn-Teller @) ([Ar]3d;® S=0).  field model does not describe the intensities nBaraccu-
This fact suggests that Cu is mainly @y in LaBCCO. The rately, but with powder data the deviations are difficult to
convergence to a one-site model for Cu reveals that the indetermine unambiguously. The fit of a power law, consistent
clusion of cobalt in the structure is vital for the occurrence ofwith a Heisenberg 3D, to the mean magnetic moment of the
the triple cell observed in LaBCCO. This would explain why Cu/Co atoms, for temperatures above 150 K is shown in
this triple cell is not observed in the related compoundFig. 7(b). The presence of a significant depression in the
LaBaCuFeQ@.!*12 The probability that different spin states 1(101),, vs T curve, neaiT=150 K could be related with the
for both possible oxidation states in Co coexist in LaBCCO features observed in the zero field cool@FC) and field
could be the reason for the better fit in this double-site triplecooled(FC) magnetization curves shown in Fig. 8. The evo-
cell model. lution of the FC inverse magnetization with temperature is
The electronic and spin configurations of (@b  also shown in Fig. 9. A very remarkable irreversible behavior
([Ar]3d;® low spin (LS), S=0, intermediate spifilS), S=1,  can be observed at temperatures below the irreversible tem-
or high spin(HS), S=2) and CdlV) ([Ar]3d;®> low spin S  perature,T,=1422) K. A cusp is observed at 52) K for

Magnetic moment (Bohr magnetons)
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magnetic ion, in this case this explanation cannot be invoked.
The inset in Fig. 9 shows the low field portion of the hyster-
esis loop at 3 K.

0.6+

0.4+

0.24

IV. CONCLUSIONS

The results presented in this report indicate that the struc-
ture of LaBaCuCo@g can be described as a pseudocubic
oxygen-deficient perovskite structure ABQ where Cull)
and CdlV) cations occupy the B site and La and Ba the A
ones randomly. The oxygen vacancies could be modeled to
be partially ordered in a X 1 X 3 orthorhombic model, con-

0.0

-0.24

Magnetization (emu/g)

-0.44]

0.6 sistent with some previous results. The EXAFS analysis
AR 2 Y 0 ] i : 1 shows that the environment surrounding the cobalt ions can
External Field (T) be better described with this triple-cell model, while the cop-

per coordination sphere clearly indicates that a single site is
FIG. 9. (Color online M vs H measurements at different tem- enough to obtain a reliable picture. The ordering dfcat-
peratures for LaBCCO. The inset shows the details of the hysteresjg 5 produces &-type magnetic arrangement. There is a
at3 K. strong magnetic irreversibility in the system at temperatures
below T=150 K. This phenomenon could have some effect
both branches, ZFC and FC. The FC curve shows strong—p the long range magnetic ordering. The evolution of the

but not pure—ferromagnetic character, with a very pro-jintegrated intensity of101),, with temperature could sug-
nounced increase with decreasing temperature, just with th&est the existence of a transition at 150 K.

maximum at the cusp to show an antiferromagnetic contri-" 114 likely presence of Q&) in different electronic state

bution. The ZFC curve shows antiferromagnetic behavior butqntigurations appears to play a key role in the structural and
with @ maximum not coincident with the Neel temperature o magnetic behavior of LaBCCO.

Tn=204(3) K. The difference in the magnetization between
FC and ZFC curves is related to the energy involved in the
alignment of magnetic domains. From the Curie-Weiss fit of
the inverse magnetization curve abolig=204 K the value L.S. and A.W.M. wish to thank LNLS, Brazil and NIST,
of the Weiss temperature(¢) was determined as USA for the provision of synchrotron and neutron beam
—-31(1) K—as expected for AF interactions—and the effec-time, respectively. This work was partially supported by PE-
tive magnetic moment was 2.65ug. This value could be DECIBA (through a Ph.D. graht CONICYT-FCE (Grant
explained by the presence of @y (S=1/2) and CdlV) IS No. 6046 and CSIC—Uruguayan organizations—and
and possibly H3S=3/2 and 5/2 respectively, calculated FAPESP, CNPq, and National Synchrotron Light Source
on the basis of a spin-only situation. Thus, the collapse of théLNLS) under proposal D12A-XRD1-1588-Brazilian organi-
magnetic ordering in the network could be accompanied by @ations. A.W.M. wishes to thank Dr. G. Azevedo and Dr. S.
change in the spin configuration of Co. Kycia for their help with the data collection. Certain com-
Figure 9 shows the magnetic hysteresis of LaBCCO. Thenercial products are identified to document experimental
magnetization is not saturated even at 5 T. When this featurngrocedures. Such identification is not intended to imply rec-
is observed in these perovskite systems, the accepted explammendation or endorsement by the National Institute of
nation is generally stated through the paramagnetic contribustandards and Technology, nor is it intended to imply these
tion from the rare earth ion. However, since®tds a non-  products are necessarily the best available for the purpose.
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