PHYSICAL REVIEW B 77, 174417 (2008)

Crystal and magnetic structures of NdBaCo,05, 5 (6~0.75): A neutron diffraction study
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The crystal structure and magnetic ordering in NdBaCo,0s, s cobaltites have been studied by neutron
powder diffraction. A successful refinement of the high temperature paramagnetic patterns for both as-prepared
(6~0.71) and oxidized (6~0.75) compositions was performed in the Pmmm space group with a 2a, X 2a,
X 2a,, unit cell. The symmetry relationships between this phase and other structural types observed in oxygen-
deficient LBaCo,0s, s perovskites are discussed. The analysis of the low-temperature diffraction data on
oxidized NdBaCo,Os 75 requires to account for the magnetic contribution originating from both the Nd and the
Co sublattices. These are ordered at 70~ 180 K and Ty~40 K, respectively, with ferromagnetic coupling
inside the sublattices and antiferromagnetic coupling between them. A comparison of the neutron diffraction
and magnetization data leads to the conclusion that no uniform ferromagnetic ordering of the Co sublattice is

developed and a moderate amount of small antiferromagnetic clusters exists below 7.
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I. INTRODUCTION

Oxygen-deficient LBaCo,0s, s (L=Lanthanide or Y) lay-
ered perovskites demonstrate a complex structural chemistry
and rich magnetic phase diagrams as a function of oxygen
stoichiometry.'™ Several structural types related to distinct
anion-ordering mechanisms within the [LOg4] layers have
been identified and explored. The ordering was found to have
a crucial effect on physical properties by promoting abundant
cooperative phenomena coupled with the charge, spin, and
orbital degrees of freedom. The compositions with low and
intermediate oxygen contents (0= 5=0.5) have attracted
much attention, resulting in the discovery of new complex
types of electronic ordering.®'* This stimulates studies that
are focused on the oxygen-rich part (6>0.5) of the dia-
grams. The recent reports on oxygen-vacancy ordering in
PrBaCo,0s ;5 that forms a unique superstructure (Fig. 1)
with a tetragonal P4/mmm (2a,X 2a,x 2a,) symmetry'>-!7
have provoked additional interest in strongly oxidized
LBaC0205+5.

The different superstructures formed in the oxygen-
deficient [LOg] layers lead to different distributions of the
CoOg octahedra and CoOs square pyramids in the defective
perovskite lattice (Fig. 1). This fact, in combination with the
ability of cobalt cations to adopt diverse spin configurations
depending on the local crystal chemistry, enables a system-
atic analysis of the relationships between oxygen stoichiom-
etry, structure, and properties. In particular, numerous coop-
erative phenomena related to localized electronic states, such
as charge and spin-state ordering, were revealed in the com-
positions wherein (§<0.5) and the average Co oxidation
state is lower than 3+.°'* The LBaCo3"Os 5 cobaltites dem-
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onstrate a well-defined competition between the localized
and delocalized states, resulting in metal-insulator phase
transition at Ty~ 340 K. The presence of Co** at 6>0.5
should promote strong ferromagnetic interactions and delo-
calization, thus altering the magnetic ground state and chang-
ing electrical properties.

The present work was centered on structural and magnetic
studies near the critical point 6=0.75, at which a new
type of superstructure may be expected. As the oxidation
of LBaCo,0s, s containing relatively small rare-earth ions
is difficult, perovskite with L=Nd was selected as the
model system. NdBaCo,0s,s was already investigated
elsewhere, 823 but in all cases, the samples were synthesized
in air and contained less than 5.75 oxygen atoms/f.u. Burley
et al.'® reported a pure antiferromagnetic ground state with
the G-type spin ordered configuration for NdBaCo,0s5 49
studied by neutron diffraction. The crystal structure was re-
fined in the orthorhombic Pmmm (a,X2a,X2a,) space
group typical for §=0.5."8 Lobanovsky et al.?® refined the
NdBaCo,05 7, neutron diffraction patterns in the same space
group with an expanded (2a, X 2a, X 2a,,) unit cell; both an-
tiferromagnetic and ferromagnetic contributions were ob-
served and interpreted in favor of a canted antiferromagnetic
structure. Our neutron-diffraction study demonstrates that an
oxidized composition with = 0.75 exhibits a ferromagnetic
behavior below 180 K without any indication of an antifer-
romagnetic phase. The presence of clusters with local anti-
ferromagnetic ordering can be revealed, however, by com-
paring the diffraction and magnetization data. The analysis of
the crystal structure symmetry supported the formation of the
orthorhombic Pmmm (2a, X 2a, % 2a,), a common isotropy
subgroup of both the Pmmm (2a,X2a,X2a,) and the
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P4/mmm (2a, X 2a, X 2a,) space groups, which allows con-
tinuous transformation between the corresponding structural
types with 6=0.5 and 6=0.75.

II. EXPERIMENT

Samples of NdBaCo,0s, s with different oxygen contents
were prepared by using a standard solid-state reaction
method. The starting materials, namely, Nd,O5 (99.99%, Al-
drich), BaCO; (99%, Merck), and Co;0, (99%, Aldrich),
were mixed in an agate mortar and reacted at 1373 K for 10
h in air. The firing procedure and intermediate regrinding
steps were repeated several times to remove impurity phases.
Finally, the powder was cooled from 1373 K down to room
temperature (2 K/min) in order to achieve equilibrium with
atmospheric oxygen. Hereafter, this sample equilibrated in
air is referred to as “as prepared.” A series of powdered
samples were then equilibrated in flowing oxygen (oxidized
sample) or in an (O,+N,) mixture, wherein the oxygen par-
tial pressure measured by using an electrochemical solid-
electrolyte sensor was 52.3 kPa. The equilibration was per-
formed at 923 K for 10 h; then, the samples were slowly
cooled (2 K/min) down to room temperature in the same
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FIG. 2. Oxygen nonstoichiometry variations in NdBaCo,0s, s
equilibrated at different oxygen partial pressures upon heating in
air. The inset illustrates the relative weight changes of the
NdBaCo0,0s, s sample on reduction (see text).
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FIG. 1. (Color online) Sche-
matic of the crystal structure for
LBaCo,0s55, Pmmm (a,X2a,
X2a,) (left), and LBaCo,0s 75,
P4/mmm (2a,%X2a,%x2a,)
(right).

atmosphere. X-ray diffraction (XRD) analysis (Rigaku
D/MAX-B diffractometer, Cu K« radiation) confirmed that
all powders were single phase; the XRD patterns exhibited
splitting of the fundamental perovskite multiplets (hkl; k
=]) that is characteristic of the orthorhombic distortions.

Thermogravimetric analysis (TGA) was performed by us-
ing a Setaram Setsys 16/18 instrument in flowing dry air at a
heating rate of 5 K/min, as shown in Fig. 2. The initial
weight of the samples was ~0.6 g and the instrument sen-
sitivity is 0.4 ug. In order to calculate the absolute values of
the oxygen content (5+ 8), the samples were equilibrated in
air at 1273 K for 2 h, followed by flushing with pure Ar for
1 h and subsequent reduction in flowing 10% H,-90% N,
mixture for 12-14 h at 1273-1373 K. One example of the
TGA curve collected on reduction is given in the inset of Fig.
2. The results of the oxygen content determination are sum-
marized in Table I.

The dc magnetization was measured by using a supercon-
ducting quantum interface device magnetometer (Quantum
Design, MPMS-5) in the temperature range of 5-300 K. The
curve registered at 1 kOe after cooling in this field (FC)
displays two critical temperatures, namely, 7~ 180 K and
Ty~40 K (Fig. 3), when the magnetization increases and
decreases, respectively. The low-temperature field isotherms
clearly demonstrated that the value of spontaneous magneti-
zation becomes smaller below T, as illustrated in the inset
of Fig. 3.

Neutron diffraction experiments were carried out in the
Berlin Neutron Scattering Center (BENSC) at the Hahn-
Meitner-Institute. Two powder diffractometers were used,
namely, the fine-resolution powder diffractometer (E9) and
the high-intensity focusing diffractometer (E6). The former,
with incident neutrons of wavelength A=1.7974 A and res-
olution Ad/d~2 X% 1073, was used for the crystal structure
refinement. The second diffractometer (A=2.439 A), which

TABLE I. Oxygen content in NdBaCo,0s, s equilibrated in dif-
ferent atmospheres.

Oxygen partial pressure in the T 5+6
course of equilibration (K)
(kPa)
21.2 298 5.724
1273 5.287
523 298 5.757
101.3 298 5.815
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FIG. 3. Temperature dependence of magnetization registered on
heating in H=1 kOe after cooling in this field. The inset shows the
field dependences of magnetization at two temperatures.

is equipped with a position sensitive detector that provides a
very high intensity, is efficient for the magnetic structure
investigations. The obtained data were refined by the Ri-
etveld method by using FULLPROF SUITE.?* Group-theoretical
calculations were performed with the aid of the ISOTROPY
software.?

III. RESULTS AND DISCUSSION
A. Crystal structure

An inspection of the x-ray and high resolution neutron
diffraction patterns revealed that both the oxidized and the
as-prepared samples are characterized by an orthorhombic
metric of the primitive perovskite unit cell (inset of Fig. 4),
which is typical of LBaCo,05 5. At the same time, the split-

84

—_

%]

2]

c

= 4

a 6

o
@

o [ I A T O A T (A T I e
=

= 44 132 136 140 132 136 140
> o

= o

@

c

[0]

2

= 2 -

ol s s
0 T (X T R TR T TR CTTETTTE T ERTA )
ot i At
T T T T T T T

T T T T T T T
20 40 60 80 100 120 140 160
20 ( degree)

FIG. 4. The E9 neutron diffraction pattern (\=1.7974 A) of the
oxidized NdBaCo,0s, s sample, collected at 295 K and refined in
the Pmmm (2a,X2a,X2a,) space group. The inset shows the
(800) fundamental multiplet illustrating a presence of orthorhombic
distortions in both the oxidized (right panel) and the as-prepared
(left panel) samples.
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ting of the fundamental multiplets in the case of oxidized
sample was very weak; the quality of the La Bail analysis®
of the neutron diffraction data in the orthorhombic Pmmm
space group was only slightly better than in tetragonal
P4/mmm. The analysis of the XRD patterns of
NdBaCo,0s, s with variable oxygen contents also lead to the
conclusion that the orthorhombic distortions correlate with &
and can be gradually changed by varying the annealing con-
ditions. This observation is consistent with the data on
PrBaCo,0s, s in the range of 0.5<38<0.8.27 A question
arises, however, if increasing the oxygen concentration may
result in a gradual transformation of the orthorhombic
Pmmm (a,X2a,X2a,) structure (122) characteristic for &
~0.5 into the tetragonal P4/mmm (2a,X 2a,X 2a,) struc-
ture (222) reported by Frontera et al. 17 for 5~0.75. As
there is no group-subgroup relation between these structures,
the direct Pmmm (a,X2a,X2a,)— P4/mmm (2a,X2a,
><2ap) transition must be discontinuous, which favors the
formation of a phase mixture with different types of vacancy
ordering. However, this transformation may also be a succes-
sion of two continuous transitions if there is an appropriate
common subgroup. Examination of the isotropy subgroups
of the Pmmm and P4/mmm space groups associated with the
X (k=a*/2) and T" (k=0) points, respectively, revealed that
the Pmmm (2a,X 2a,X2a,) subgroup appears twice: as a
result of the Pmmm (a,X2a,X2a,)— Pmmm (2a,X2a,
X 2a,) isomorphic phase transformation mediated by X7 ir-
reducible presentation, and as a P4/mmm (2a[,>< 2a[,>< 2a,,)
— Pmmm (2a§>< 2a,X2a,) crossover associated with 17
representation. 5 In both cases, continuous transitions are al-
lowed in renormalization-group theory. Thus, the experimen-
tal data and symmetry consideration both argue in favor of
an intermediate phase with Pmmm (2a,X2a,X2a,) sym-
metry. This intermediate phase was indeed recently reported
by Lobanovky et al.?*?! for NdBaCo,0s5 7,.

To discuss the mechanism of these compositionally driven
structural transformations and resultant behavior of the unit
cell distortions, one should consider Wyckoff positions map-
ping on the corresponding symmetry changes (Fig. 5). The
oxygen positions in the [NdOg] layer are crucial as they de-
termine the distribution of pyramidally and octahedrally co-
ordinated cobalt. In the ideal P4/mmm (2a,X2a,X2a,)
structure, there are two occupied oxygen positions in this
layer, namely 1d and 2e. The first corresponds to 1% in the
Pmmm (2a,X 2a,X 2a,) subgroup, while the second splits
into two independent positions, which are 1g and 1d. There-
fore, the alterations in occupancy probability of these posi-
tions can be considered as a scalar order parameter for
the P4/mmm (2a,X2a,X2a,)— Pmmm (2a,X2a,X2a,)
phase transition; different occupancies of the 1g and 1d sites
should induce orthorhombic distortions. In an ideal case, one
of the positions (1g in Fig. 5) is always entirely occupied,
whereas the occupancy probability for another site gradually
decreases with reducing oxygen content and becomes zero in
the Pmmm (a, X 2a, X 2a,) structure.

The validity of this scenario can be clearly demonstrated
by the Fourier difference map obtained after the refinement
of the neutron diffraction pattern for the as-prepared sample
in the Pmmm (2a, X 2a, X 2a,,) space group with disordered
oxygen vacancies over the four independent oxygen posi-
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£
b FIG. 5. (Color online) Splitting of oxygen po-
sitions in the [NdOy] layer at the P4/mmm (2a,
r; Xy X2a,X2a,)— Pmmm (2a,X2a,X2a,) and
o(tg) o(tg) o(ta) oty P P 14 94 P
- ‘; " },.; @ « ‘; " 8 @ Pmmm  (a, X 2a,X2a,)— Pmmm  (2a,X2a,
T X 2a,) phase transitions. The O(1d) and O(1g)
L > a g L» a positions in the Pmmm (2a,X2a,X2a,) sub-
group are characterized with different occupancy
2=0.5 2=0.5 2=05 robabilities
P4/mmm (2a,X2a,x2a,) Pmmm (2a,X2a,X2a,) Pmmm (a,x2a,X2a,) p ’

tions in the [NdOg] layer (Fig. 6). The map exhibits two
pronounced negative peaks having nonequivalent residual
densities with (0,0,0.5) and (0.5,0,0.5) coordinates, which
correspond to the 1¢ and 14 positions. On the contrary, there
is no substantial density fluctuation in the (0,0.5,0.5) point,
indicating that the average occupancy is quite close to the
actual occupancy of the 1g site. The positive residual density
at (0.5,0.5,0.5) testifies that the occupancy of 14 position is
essentially complete. The occupancy probability for the 1g
position is thus larger than that for 1d, which is in agreement
with the refined a <b ratio.

By taking into account these relationships, the neutron
diffraction patterns for both oxidized and as-prepared
samples were refined in the Pmmm (2a, X 2a, X 2a,) space
group. The structural parameters are summarized in Table II;
the fitting quality is illustrated by Fig. 4. The accuracy of the
oxygen content estimation was low owing to large standard
deviations for the Ic, 1d, 1s, and 1k site occupancies. The
complexity of this structure involving 12 distinct oxygen po-
sitions decreases the statistic weight of separate sites. In or-
der to increase accuracy, the crystal structure of the oxidized
sample was approximated by using a simple tetragonal
model (P4/mmm, a,X a,X2a,) that accounts only for the
Nd/Ba cation ordering. This approximation is possible due to
pseudotetragonal metric and very low intensity of the reflec-

< ~—0n300

FIG. 6. (Color online) 3D Fourier difference map (z=0.5) cal-
culated after the refinement of the neutron diffraction pattern for the
as-prepared NdBaCo,0s, 5 sample in the Pmmm (2a,X 2a, X 2a,,)
space group, with disordered oxygen vacancies over the apical oxy-
gen positions in the [NdOg] layer (1c, 1d, 1g and 1h positions).

tions, which originate from the oxygen-vacancy ordering in
[NdOyg] layers and require expansion of the primitive perov-
skite unit cell. The simple tetragonal model comprises only
three independent oxygen positions: Ol(la), O2(4i), and
O3(1b). The results displayed that the la and 4i sites are
completely occupied, confirming that all vacancies are lo-
cated in the 15 position ([NdOg] layer). For the latter posi-
tion, the occupancy factor was 0.763(8), giving an oxygen
content of 5.76+0.02 atom/f.u. with a 99% confidence
probability. A discrepancy of this value with the TGA result
(Table 1), is apparently, can be addressed to the factors dis-
cussed by Conder et al.”® These authors found that thermo-
gravimetric hydrogen reduction sometimes gives an overes-
timation of oxygen content in LBaCo,0s,s cobaltites in
comparison to the iodometric titration and gas volumetric
analysis.

Thus, the result of the refinement indicates that the oxi-
dized composition is close to the critical point 6=0.75. In
spite of this fact, its symmetry is definitely orthorhombic,
suggesting that the tetragonal P4/mmm (2a,X2a,X2a,)
structure is not stable even in these conditions. The structural
parameters (Table IT) show that the 1¢ position, which should
be entirely empty in the ideal 222 structure, is partially oc-
cupied in the studied samples. Apparently, the “mixture de-
grees” of this position with le and 1d are not equivalent. In
other words, the oxygen ions present in the lc¢ position ap-
pear to mainly come from either 1g or 1d sites, leading to
different occupancy of these positions, and consequently, to
breakdown of the tetragonal symmetry.

B. Magnetic structure

In agreement with the magnetization data (Fig. 3), addi-
tional contribution to nuclear reflections can be clearly ob-
served in the E6 diffraction patterns of the oxidized sample
below T~ 180 K (Fig. 7). This contribution can be ac-
counted in the refinement by introducing the ferromagnetic
component localized on the Co positions. The refinement
quality was found rather sensitive to the magnetic moment
direction, allowing a rough quantitative evaluation (Fig. 8).
The basic components that transform according to different
irreducible representations (irreps) of the k=0 wave vector
group and enter the global magnetic representation D,, on the
Co positions

D,=T5+T;+T;+T[+I5+T, (1)

are presented in Table III. Note that the magnetic represen-
tation is the same for all 2¢, 2s, 2r, and 2¢ Co sites. By using
the basis functions of a single irrep, the best magnetic R
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TABLE II. Atomic positions (x,y,z), isotropic temperature factors (B), and site occupancies for the NdBaCo,0s5, 5 structure, which are
refined in the Pmmm space group by using the high-resolution powder neutron diffraction collected at room temperature. The unit cell
parameters and reliability factors for the oxidized sample (left) are a=7.7772(2) A, b=7.7934(2) A, ¢=7.6139(2) A, R,=4.95%, Ry,
=6.42%, and x*=1.59 and for the as-prepared sample (right), a=7.7825(2) A, b=7.8023(2) A, c=7.6074(2) A, R,=3.77%, R,,=4.92%,

and x*=2.29.

Atom  Wyck X y Z B Occup. X y Z B Occup.
Ba 4y 0.250(3)  0.249(3) 0 09(1) 1 0.252(2) 0.2532) O 0.02(8) 1
Nd 4z 0.254(2)  0.252(3) 0.5 02(1) 1 0.2600(8)  0.255(1) 0.5 0.4118) 1
Copy 2¢q 0 0 0.246(8)  0.6(1) 1 0 0 0.244(4) 02309 1
Cooer 2t 0.5 0.5 0.253(8)  0.6(1) 1 0.5 0.5 0.243(3) 02309 1
Coper 2r 0 0.5 0.259(5)  0.6(1) 1 0 0.5 0.257(5)  0.23(9) 1
Copes 2s 0.5 0 0.242(6) 0.6(1) 1 0.5 0 0.253(5)  0.239) 1
O1 la 0 0 0 1.2(1) 1 0 0 0 0.67(8) 1
02 1b 0.5 0 0 1.2(1) 1 0.5 0 0 0.67(8) 1
03 le 0 0 0.5 0.6(2) 03133 0 0 0.5 0.7(1) 0.22(3)
04 1d 0.5 0 0.5 0.6(2) 093(3) 05 0 0.5 0.7(1) 0.79(3)
05 le 0 0.5 0 1.2(2) 1 0 0.5 0 0.67(8) 1
06 1f 0.5 0.5 0 122) 1 0.5 0.5 0 0.67(8) 1
o7 lg 0 0.5 0.5 0.6(2) 0933) 0 0.5 0.5 0.7(1) 0.84(4)
08 1h 0.5 0.5 0.5 0.6(2) 088(4) 05 0.5 0.5 0.7(1) 0.99(3)
09 4u 0 0.756(5)  0.716(2) 1.9(3) 1 0 0.747(3)  0.707(1)  0.8(2) 1
010 4v 0.5 0.753(5)  0.736(1) 12(2) 1 0.5 0.747(3)  0.724(1)  0.3(1) 1
Ol11 4w 0.2495) 0 0.717(4)  09(3) 1 0.249(4) 0 0.717(2)  1.2(2) 1
012 4x 0.249(5) 0.5 0.716(4)  0.8(33) 1 0.244(4) 0.5 0.732(2)  2.2(3) 1

factor was obtained in the model wherein magnetic moments
are directed along the a axis (Fig. 8, I'] irrep). However, the
refinement quality can be substantially improved by mixing
the ferromagnetic components, transforming as basis func-
tions of the three different irreps (I';+I'5+I'7). Due to the
angular degeneracy of the exchange energy, these irreps form
an exchange multiplet corresponding to a single irreducible

20

Intensity ( arb. units )

20 (degree)

FIG. 7. Neutron diffraction patterns of the oxidized
NdBaCo,0s, s sample collected on the E6 diffractometer in the
temperature range of 5-180 K. The inset presents an expanded view
near the (200) fundamental multiplet, wherein ferromagnetic con-
tribution is well defined.

representation of the exchange Hamiltonian. This indicates
that the magnetocrystalline anisotropy splitting different
components of the exchange multiplets is negligibly small
compared to the exchange interactions. Note that the 122
compounds, wherein the oxygen content is close to 5.5, ex-
hibit the Ising-type spin anisotropy.?>3

As the diffraction patterns do not allow separate determi-
nations of the four independent Co positions, the magnetic
intensity was fitted by assuming equal values of their mag-
netic moments. Moreover, only I'; and I} irreps were mixed
during refinement in order to decrease the standard deviation
of the total moment and the corresponding components. Due
to the small difference between the a and b parameters (the
metric is close to tetragonal), it is impossible to determine
the mixing coefficients for F;’ and FZ irreps; the direction of
magnetic moments in the (ab) plane was, hence, arbitrarily
fixed along the a axis. With these restrictions, the value of
the ¢ component was always statistically significant at tem-
peratures lower than 140 K and the moment direction in the
(ac) plane was temperature independent within the limits of
experimental error.

The magnetic phase described above does not provide a
satisfactory fitting quality for the diffraction patterns re-
corded at temperatures below Ty~40 K. A comparison of
the patterns that are collected at 5 and 40 K (Fig. 9) displays
significant changes that cannot be attributed to the spin-wave
processes related to different temperatures. One important
feature is the contribution to the nuclear reflections with £,
k=2n; I=2n+1, pointing to c-directional modulation. These
scattering alterations correlate with the decreasing spontane-

174417-5



KHALYAVIN et al.

PHYSICAL REVIEW B 77, 174417 (2008)

O Yobs
o —— Ycalc
Yobs-Ycalc

FIG. 8. Fragment of the E6
neutron diffraction pattern of the

oxidized NdBaCo,0s,5 sample

Intensity ( arb. units )

near the (200) fundamental multi-
plet, which is taken at 60 K and
refined by using the models with
different orientation of the Co
magnetic moment m.

33 36 39 42 45 33 36 39
20 ( degree)

ous magnetization revealed by the magnetic measurements
(Fig. 3). The most logical explanation relates to a gradual
polarization of the Nd sublattice caused by negative f-d ex-
change. Interchanging of the ¢ planes populated by paramag-
netic Nd** and diamagnetic Ba>* should naturally introduce
magnetic modulation along this direction. A successful re-
finement of the neutron diffraction patterns by using the
model involving two sublattices provided a quantitative vali-
dation of this hypothesis (Fig. 9). The magnetic representa-
tion for the 4x Wyckoff position occupied by Nd can be
decomposed as

D, =TT+ +25+ 2T+ 27+ 215+ 5+ 7, (2)

with the corresponding basis functions listed in Table III.
Again, two irreps I'; and I'j were used to refine this sublat-

42 45

tice. At 5 K, the calculated magnetic moments for Nd and Co
cations are 1.35(5) up and 1.52(3) up, respectively. The direc-
tions of these sublattices were found opposite to each other
within the limits of experimental uncertainty. The resultant
ferrimagnetic model is schematically shown in the inset of
Fig. 10. This model is in satisfactory agreement with the
low-temperature magnetic measurements wherein the un-
compensated moment of ~1ug/(Co+0.5Nd) was obtained
at 5 K. The temperature dependence of the magnetic moment
of Co ions evaluated from the neutron diffraction data is
presented in Fig. 10. The behavior is typical for ferromag-
netics with the estimated Curie temperature 7-~ 180 K. On
the other hand, the behavior of the oxidized NBaCo0,0s, s
cannot be considered as classical ferromagnetic even in the
temperature range wherein the contribution of Nd sublattice

TABLE III. Atomic components of basis functions (S) of irreducible representations of the Pmmm space group for the Nd and Co

positions. 4z—1(x,y,1/2), 2(x,-y,-1/2), 3(=x,y,—1/2), and 4(—x,-y,1/2); 24—1(0,0,z), 2(0,0,-z); 25s—-1(1/2,0,z), 2(1/2,0,-z); 2r
-1(0,1/2,z2), 2(0,-1/2,-z); 2t—1(1/2,1/2,z), and 2(1/2,-1/2,-z).

+ + + + + + — — - - - -

Irrep (mode) T} rOTI() TP O TIe T e ;0 e 00T; r;
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FIG. 9. (Color online) The refined E6 diffraction pattern (A
=2.439 A) of the oxidized NdBaCo0,0s, s sample, which is col-
lected at 5 K. The inset compares fragments of two patterns re-
corded at different temperatures (see text).

is negligible (7> Ty). The saturated magnetic moment of Co
sublattice is considerably lower than the value expected from
the effective paramagnetic moment (u.g) estimated from the
magnetic data. The inverse paramagnetic susceptibility at
190-300 K yields the u.g value of 3.72u5/Co after subtract-
ing the Nd contribution. This corresponds to predominant
high- and low-spin states for Co** (13,e;, S=2) and Co*
(tggeg, S=1/2), respectively. Such a mismatch suggests a
nonliomogeneous low temperature magnetic state, which can
be associated with increasing population of the low-spin dia-
magnetic Co™* (tggeg, S=0) ions at temperatures below T
and with presence of small antiferromagnetic clusters. The
cluster size and volume fraction is related to the Co** con-
centration, i.e., to the total oxygen content. When ¢ de-
creases, the clusters rapidly grow, reaching the neutron-
diffraction coherence length in the composition equilibrated
with atmospheric oxygen.?! Although the antiferromagnetic
contribution in the neutron diffraction patterns of as-prepared
samples was also ascribed to a possible canting structure,’!
the scenario with two magnetic phases seems more likely
because of the symmetry constraints [Eq. (1) and Table IIT]
forbidding a noncollinear ordering of the Co sublattice. Be-
sides, a nonhomogeneous magnetic state was found in many
perovskite oxides containing cobalt ions in mixed valence
state. 3638

IV. CONCLUSIONS

NdBaCo0,0s, 5 cobaltite with 6= 0.75 possesses the ortho-
thombic Pmmm (2a,X2a,X2a,) symmetry, a common
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FIG. 10. (Color online) Temperature dependence of the aver-
aged magnetic moment of Co ions, which is calculated from the
refinement results of the E6 neutron diffraction patters. The inset
shows schematic representation of the low temperature magnetic
structure of the oxidized NdBaCo,05, s sample where the Nd and
Co sublattices are both ordered.

subgroup for the Pmmm (a,X2a,X2a,) and P4/mmm
(2a,X2a,X2a,) space groups describing the symmetry of
122 and 222 structural types, respectively. This group-
subgroup relation allows a continuous transformation of the
122 structure into the 222 polymorph via two successive
second-order phase transitions induced by the oxygen con-
tent variations. Although a long-range ferromagnetic order in
the Co sublattice is established below T~ 180 K, the fer-
romagnetic state is not uniform due to the existence of anti-
ferromagnetically ordered clusters, which are smaller than
the neutron diffraction coherence length. At low tempera-
tures T<<Ty~40 K, a negative f-d exchange polarizes the
Nd sublattice in the direction opposite to the cobalt sublat-
tice, forming an overall ferrimagnetic structure. The mag-
netic moments are characterized with the values of
1.52(3) up for Co and 1.35(5)up for Nd cations at 5 K.
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